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ABSTRACT

Experiments were conducted to investigate several variables suspected of having

an effect on the removal of pathogenic viruses from wastewater during soil-aquifer

treatment (SAT). Virus removal during simulated SAT was evaluated through monitoring

of coliphages indigenous to secondary effluent in bench-scale soil columns, including 18-

cm and one-meter sandy loam soil columns and one-meter columns containing a river

sand. Both soil types were taken from active or proposed wastewater recharge sites.

Removal of coliphages was significantly higher after passage through the longer soil

columns, and the finer sandy loam soil exhibited greater coliphage reduction (93%) than

did sand (76%) in the one-meter columns. Removal of indigenous coliphages by one

meter of sand was observed in all cases to be less than or equal to removal of poliovirus,

supporting the use of coliphages as a conservative indicator of virus transport during

SAT. Results also indicate that aerobic soil microorganisms play a role in virus removal

during SAT. Increasing the hydraulic detention time from 5 hours to 20 hours resulted in

an increased coliphage removal from 70% to 99% in the one-meter sand column. A linear

relationship between log io reduction of coliphage and detention time was developed to

provide an approximate estimate of virus removal during soil-aquifer treatment in the

sand used in these experiments.
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I. INTRODUCTION

1.1 Soil-aquifer treatment technology

In the arid Southwestern region of the United States where rainfall is infrequent,

water table elevations are declining and populations are increasing. Consequently, water

reuse is rapidly becoming a realistic and practical consideration in public water supply.

Soil-aquifer treatment (SAT) is one technology that has been investigated to utilize the

valuable resource of reclaimed wastewater. In SAT, domestic wastewater is recharged to

the groundwater via infiltration basins, using the soil as a filter to improve the quality of

the water as it percolates through the vadose zone (Alberts, 1994). This technology is

currently employed in several locations where the resource of treated wastewater is too

valuable to lose through discharge. At the Sweetwater recharge facility in Tucson, AZ,

chlorinated secondary effluent is discharged alternatively into several infiltration basins,

and is recovered by extraction wells in order to provide irrigation for golf courses in the

region.

Although it is an attractive option for wastewater reuse, soil-aquifer treatment

presents several potential health concerns and must be managed to ensure public safety.

Not least among these concerns is the removal and inactivation of pathogenic

microorganisms by the soil during this process. Specifically, pathogenic viruses have

been observed to travel relatively far in groundwater under certain conditions and are

often present in wastewater, even following secondary treatment and disinfection as it is
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commonly practiced (Bitton, 1994). Because of the relatively long survival times and

potentially extensive travel distances of viruses in the environment, virus transport and

removal during SAT is an essential factor in evaluating the safety of the soil-aquifer

treatment process. It was the goal of this research to evaluate the removal of viruses

during laboratory-simulated SAT, and to provide guidelines for management of these

sites to maintain safe operational practices regarding virus removal.

1.2 Bacteriophage as indicators of virus transport

The evaluation of the removal of viruses during SAT in this research was

approached through the use of bacteriophages as indicator organisms. Bacteriophages are

viruses that replicate through the use of bacteria cells as hosts, using the reproductive

process of this host. The coliphages are a specific type of bacteriophage that infect

coliform bacteria and are prevalent in domestic wastewater. Coliphages have been shown

in many cases to adsorb less to soil than human pathogenic enteric viruses, they do not

cause disease in humans or other animals, and those that infect Escherichia coui and other

common intestinal tract bacteria are naturally present in wastewater. They have also been

shown to survive longer in the environment and are more resistant to disinfection than

enteroviruses (Gerba, 1984). Coliphages are also easier to detect in the environment than

enteric viruses due to the relatively inexpensive and simple assay that requires a short

incubation period (24 hours) relative to enteric viruses (5 to 21 days). Due to these
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attractive attributes, it is becoming a common practice to use bacteriophages at high

concentrations to evaluate the efficiency of water and wastewater treatment processes,

with the obvious advantage that these viruses pose no threat to future water users (Rose,

et. al., 1996). In the work presented here, those coliphages naturally present in

dechlorinated secondary effluent were utilized to evaluate the efficiency of virus removal

during wastewater recharge in simulated soil-aquifer treatment.

1.3 Adsorption of viruses to soil particles

It has often been hypothesized that virus removal by soils during land application

of wastewater is primarily by adsorption (Gerba, 1984). Therefore, it is important to

understand the theory of adsorption in the study of SAT. Adsorption, in the context of

virus removal by soil, refers to a reversible attachment of viruses to soil particles. A brief

overview of the adsorptive process as it is currently understood will be presented here for

the purpose of understanding and evaluating virus removal during SAT. The "Double-

layer" theory, which was developed and modified by Gouy (1910), Chapman (1913), and

Debye and Huckel (1923) is often used to explain adsorption to soil surfaces and has been

applied to the study of virus adsorption (Gerba, 1984). The basis for this theory is that a

soil particle in solution will develop a layer of oppositely charged ions on it's surface.

This layer, often called the Stem layer, is almost always composed of positive ions due to

the negative charge of soil particles. A second layer, termed the diffuse, or Gouy, layer
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will form around the Stern layer. The diffuse layer will have a varied ionic composition.

However, it will be dominated by negatively charged ions due to the positively charged

Stern layer with which it is in contact. The thickness of the diffuse layer will be a

function of the ionic strength of the solution; high ionic strength will result in a relatively

compact layer due to the higher charge density of the solution.

London-Van der Waals forces are weak, non-polar forces that are believed to be

important in virus adsorption (Gerba, 1984). Most viruses are encased by protein

polypeptide coats that have an electrical charge due to weakly acidic or basic groups

associated with it's amino acids. This surface charge has been shown to be a strong

function of the pH of the suspending solution (Gerba, 1984). Virus adsorption to soil

particles is believed to take place under conditions that both favor a charge difference

between the two, and allow these oppositely charged "sites" to interact. Viral adsorption

to soil is a reversible process; significant virus detachment has been observed due to

changes in the solution chemistry such as an increase in pH or decrease in ionic strength

(Bales, et. al., 1995; Lance and Gerba, 1982).

The factors that can control adsorption of viruses to soil particles include the

properties of the suspending solution [ionic strength (I), pH, and organic matter content],

soil characteristics [particle size, cation exchange capacity, fraction of organic carbon

(f), clay content, and moisture-holding capacity], the dynamics of flow through theoc

medium [detention time or flow rate], and properties of the virus itself that will affect it's
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affinity for soil particles (Gerba, 1984; Bales, 1989). A full investigation into the effect of

these variables on virus adsorption in SAT is well beyond the scope of this thesis. Factors

investigated in this research were the hydraulic detention time and the ionic strength of

the solution.

1.3.1 The effect of hydraulic detention time on virus adsorption

Kinetic studies have shown that virus adsorption is often diffusion limited, in that

removal of viruses by soil is dependent upon the rate of virus movement through the

suspending medium, based upon advection through soil on a large scale, and Brownian

diffusion of virus particles from the fluid to the surface at the pore or grain scale

(Cookson, 1967). For this reason, the flow rate, or detention time, of water through a

porous medium can have a strong effect on the retention of viruses. As long as the system

remains kinetically limited, a longer detention time and exposure to the soil medium will

presumably increase the amount of diffusion that takes place, resulting in increased virus

removal.

Colloid filtration theory has been applied to removal of viruses by soil particles,

and has been used to estimate reductions of virus concentrations on a collector surface

(Kinoshita, et. al., 1993). The reduction in concentration of virus particles is expressed in

the following steady state equation:

ln C/C, = -k1 (L/u)	 (1)
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where u is the velocity, and k1 is a rate coefficient, defined as:

kl = 1.5*[(1-0)/ci1aC	 (2)

In Equation 2, 0 is the porosity, d is the collector diameter, a is the fraction of collisions

that result in sticking, and i is the collector - collision efficiency for diffusion processes,

that describes the rate at which viruses will strike the collector surface, and is defined as:

= 0.924, 1/3 [kT/p,dpdu] 213ri 	 (3)

where A, describes the effects of adjacent grains on flow, k is the Boltzmann constant, T

is the temperature, IA is the water viscosity, and dp is the diameter of the virus.

These equations are introduced here for the purpose of illustrating the important

effect of the fluid velocity (u) on virus removal. This effect can be seen most directly in

Equation 1, where reduction of the virus concentration On C/Co) increases with L/u,

which will increase in proportion to time. Lower velocities will therefore result in

enhanced virus removal by the collector. There is also an effect of velocity built into lc] ,

the filtration coefficient. A lower velocity will result in a greater collision - collector

efficiency (II), which will increase ki . A higher kb as can be seen in Equation 1, will

result in a greater reduction of virus concentration. It can be assumed that the pore

velocity and the hydraulic detention time are directly related, in that detention time =

length/velocity. Therefore, filtration theory predicts that as velocities within the soil
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decrease and detention times in the soil correspondingly increase, enhanced virus removal

will be the result.

1.3.2 Ionic strength effects

The ionic strength (I) of the suspending medium can also have a significant effect

on the adsorption of viruses to soil particles. In solutions with a high I, the diffuse layer is

relatively compact due to the high density of charge. The same compaction effect would

be observed in solutions with a high concentration of divalent ions. This condition favors

virus adsorption, because the virus and soil particle can be in close proximity to each

other. The soil-virus attraction due to charge has been shown to decrease proportional to

the sixth power of the distance of separation, indicating that this distance is an important

variable involved in determining virus removal by soil (Gerba, 1984). When the ionic

strength is lowered, this distance is increased due to the expansion of the diffuse layer and

the result is virus detachment from soil particles.

1.3.3 Viral surface charge

The surface charge on a virus, which is believed to be strongly dependent on the

pH of the solution, can have a strong impact on adsorption of viruses to soil particles.

Some researchers have suggested that knowledge of the isoelectric point allows the

prediction of viral adsorption to a charged surface (Zerda, 1982; Fuhs and Taylor, 1982).
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This surface charge is quantified by identifying the isoelectric point of individual viruses.

The isoelectric point is defined as the pH at which the surface charge of a virus is

electrically neutral. A virus will have a positive charge at pH values below it's isoelectric

point, and will be negative above it. Under most natural conditions, viruses with low

isoelectric points appear to be poorly adsorbed to soil surfaces. This is most likely due to

the consequence that they will experience a greater negative charge at natural pH values,

resulting in a repulsion to negative soil particles and their diffuse layer. In general, the

most commonly studied bacteriophages have lower isoelectric points than most enteric

viruses, resulting in further transport in soil (Gerba, 1984).

1.4 Virus survival in the environment

Virus survival in the environment should be considered an important parameter

during removal in SAT. The most important determinant of virus survival is temperature

(Yates, et. al., 1987). Research has indicated that bacteriophage such as MS-2 and PRD-1

can survive for very long periods (> 90 days) at 4 °C, but decay from 10 6/m1 to levels

below detection after shorter time periods (10 to 25 days for MS-2 and 50 to 90 days for

PRD-1) at 23 °C (Yahya, et. al., 1993). Yates, et. al. developed an empirical relationship

predicting survival of the Escherichia coui phage MS-2 as a function of temperature,

Inactivation rate (log o/day) = -0.181 + 0.0214 T	 (4)
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Where T is the temperature in °C, and a positive rate indicates a decay rate. At

temperatures below approximately 8°C, the inactivation rate is negligible and it will rise

exponentially as a function of temperature. The activity of aerobic soil microorganisms

has also been shown to have an adverse effect on virus survival (Hurst, 1988).

Alternatively, viral adsorption to soil particles and a high soil organic carbon

content seem to prolong virus survival, although these relationships have not to date been

quantified (Yates, et. al., 1987).
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1.5 Objectives

This research was conducted with the purpose of evaluating virus removal during

simulated soil-aquifer treatment through the use of bacteriophages indigenous to

domestic wastewater. The experiments described were conducted with the goal of

simulating actual SAT processes as closely as possible in the laboratory in order to

achieve a realistic depiction of virus removal by the soils under study. Emphasis was

placed on an overall understanding of the ability of soil-aquifer treatment to remove

viruses, not on elucidation of the actual mechanisms by which this may occur. The goal

of this practical study was to attempt to estimate the extent of virus removal at specific

SAT sites, by answering the following questions:

1. Previous research has suggested that a large portion of virus removal during

land treatment occurs at or near the soil surface. To what extent will virus removal during

SAT improve with increasing vadose zone depth?

2. Two different sites, with slightly different soil types (a sand and a sandy loam),

have been proposed for soil-aquifer treatment. Will the presence of finer - grained soils

improve virus removal during SAT?

3. With the application of large amounts of water to an SAT basin, there exists the

possibility of creating an anaerobic, water-saturated soil environment. Does aerobic

activity in these soils contribute to virus removal?
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4. Previous research has suggested that virus adsorption processes in soil are often

kinetically limited, and that a longer exposure time will result in enhanced removal. Can

the hydraulic detention time in the vadose zone be used as an estimator of virus

concentration reduction during the SAT process?

5. Can the use of indigenous wastewater bacteriophages as indicators of SAT

virus removal efficiency be supported by comparing removal of coliphages and the

human poliovirus?

6. Domestic wastewater, due to it's dissolved constituents, has a relatively high

electrical conductivity, which favors virus adsorption to soils. Will the infiltration of

water of a lower ionic strength, such as rain or Central Arizona Project water, cause

desorption of viruses to occur?

The work presented here is an attempt to answer these questions regarding the

soils under study for soil-aquifer treatment, combining the available information on virus

removal in soil with bench - scale soil-aquifer treatment experiments.



22

H. MATERIALS AND METHODS

2.1 Experimental overview

The goal of the experiments described herein was to study the feasibility of soil-

aquifer treatment in soils from potential and operating wastewater recharge sites. Two

different soils were taken from specific sites and packed into soil columns: A sandy loam

from the Sweetwater recharge facility in Tucson and a sand from the Agua Fria river,

located in Phoenix. Effluent recharge is currently practiced at the Sweetwater site, and

recharge has been proposed at the Agua Fria River site. Unless otherwise indicated, the

wastewater applied to the soil columns in this study was collected from the Roger Road

Wastewater Treatment Plant in Tucson, AZ, where the secondary treatment consists of a

biotower - activated sludge process, followed by chlorination at a dose of approximately

6.45 mg/l. It was then dechlorinated with 0.5 ml of 55 mM sodium thiosulfate (Na2S203 )

per liter (4.35 mg/1) of wastewater prior to column application. A list of the secondary

effluent characteristics averaged over a one year period can be found in Table 1.
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Table 1

Roger Road Treatment Plant secondary effluent characteristics

BOD (mg/I): 22  Alkalinity (mg/1): 242

Suspended Solids (mg/I): 23  pH: 7.6      

DOC (mg/1): 13 Conductivity (Innhos/cm): 998

Ammonia N (mg/1): 22 Nitrate N (mg/1): 0.9      

Two major groups of experiments were conducted on soil columns of different

lengths and soil types. One set of 18-cm soil columns was packed with a sandy loam.

Dechlorinated secondary effluent was applied to two of these 18-cm columns for a total

of four cycles. In the next phase of the project, secondary effluent was applied to several

one-meter columns packed with two different soil types: "Sweetwater" sandy loam, and

Agua Fria River sand. The study of soil columns of different lengths (18 cm and 1 m) is

expected to yield an understanding of the dependence of virus removal on the length of

the soil profile. A list of relevant soil characteristics for the repacked soils is given in

Table 2, and a grain size distribution for both soils is shown in Table 3.

Each of the experimental designs previously described had different goals with

respect to SAT. The purpose of the 18-cm column experiments was to observe what

portion of virus removal occurs near the surface of the soil, where a biological layer

called a "sclunutzdecke" develops after prolonged effluent application. The exact

composition of this layer was not determined in this study, but it is evidently made up of
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algae, suspended organic solids, and possibly precipitated minerals. This layer controls

the rate of wastewater infiltration into the soil, and has been shown to be responsible for a

substantial portion of water quality improvements during wastewater land treatment. In

the one-meter column experiments, virus removal was analyzed in a coarse sand and the

slightly more fine-grained sandy loam with the goal of establishing the effect of fine-

grained soils on virus removal. Poliovirus and indigenous bacteriophage removal was

evaluated in the one-meter columns, to test the utility of bacteriophage as an indicator of

enteric viruses. In an attempt to ascertain the effect of ionic strength in virus attachment

and detachment processes, several experiments were conducted on the one-meter Agua

Fria sand column with low-ionic-strength artificial rainwater to investigate possible

remobilization of bacteriophage.



No. 4 99.598.84.760

No. 8 96.32.380

No. 10 96.12.00

No. 16 88.41.19

No. 40 32.526.90.420

No. 100 0.149 1.3 9.0

Percent sand >99.3%

<0.7%Percent silt and clay — 5cY0

Sieve Information and Particle Size Percent Passing by Weight

Standard Sieve Size Particle Size (mm) Agua Fria Sweetwater

No. 200	 0.074

Soil Texture Information

0.7 5.5
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Table 2

Soil characteristics of Agua Fria sand and Sweet-water sandy loam

Soil Type Porosity Ksat* (cm/day) Dry bulk density

(g/cm3)

Agua Fria sand 0.40 7800 1.60

Sweetwater sandy loam 0.39 2100 1.62

* Ksat = Saturated hydraulic conductivity as determined through upflow experiments.

Table 3

Soil grain size distributions
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2.2 Short column experiments

Two acrylic 23-cm columns of 7.62-cm inner diameter were packed uniformly

with 18 cm of Sweetwater soil. Dechlorinated secondary effluent was stored at 4 °C prior

to column application, warmed to 25 °C and was dripped onto the soil surface from a

height of 5 cm. All soil columns were operated at 25 °C. The column influent was applied

at a rate sufficient to develop a pond on the surface of the soil, and a constant head of 25

cm was maintained through use of a glass column. Influent overflow from the pond on

the soil surface was recycled to the refrigerated supply.

The 18-cm "schmutzdecke" columns were operated on alternating wet/dry cycles,

with wet periods varying from 2 to 10 days, and a drying time of 5 to 7 days. The wet

period duration was a function of column clogging. Columns received effluent until the

flow rate decreased to less than one foot per day, at which time they were turned off to

dry. The columns were operated for an acclimation period (15 operational cycles for

column #1, and 11 for #2) sufficient to develop a mature schmutzdecke layer. Samples

(15-ml volume) of the column influent and effluent were taken daily or semi-daily for the

purpose of analysis for bacteriophage. Influent samples were drawn from the column

influent feed line, and effluent samples were taken directly from column outflow before

mixing with the outflow reservoir. Influent samples required less than one minute to fill

the 15 ml centrifuge tubes; however, effluent samples required anywhere from 1 to 30

minutes to collect.
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2.3 One-meter column experiments

Through the work with the schmutzdecke columns, it was apparent that 18 cm of

soil would not provide adequate pathogen removal in SAT. Therefore, research began

with several one-meter columns. Acrylic columns, 1.3 m in length, with an inner diameter

of 7.62 cm and an outer diameter of 8.89 cm, were equipped with tensiometers for soil

matric potential measurement at depths of 6, 12, 34, 56, and 78, 96, and 98 cm below the

soil surface. The columns were packed with 98 cm of soil, in 10-cm increments at

moisture contents consistent with field measurements with a target bulk density of 1.6

g/cm3 . Two centimeters of pea gravel was packed at the base of the sand column to keep

sand particles from clogging the outlet plate at the base of the column.

Two soil types of varying grain size distributions were analyzed for removal of

indigenous bacteriophage in the one-meter column studies: Agua Fria sand and

Sweetwater sandy loam (see Tables 2 and 3 for soil characteristics). All one-meter

columns received dechlorinated secondary effluent. There were five objectives in the one-

meter column studies: (1) to study virus removal deeper into the soil profile and compare

the results to those for 18 cm of the same soil; (2) to ascertain the effect of soil grain size

on the removal of viruses; (3) to compare poliovirus and indigenous bacteriophage

removal to evaluate the utility of coliphage as an indicator; (4) to test the effect of aerobic

soil microorganisms on virus removal using an azide-inhibited Agua Fria sand column;

and (5) to investigate the possible detachment of bacteriophage due to the percolation of

low-ionic-strength rainwater on detachment of bacteriophage.
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The columns were operated on 7-day wet, 7-day dry cycles. Column influent was

refrigerated at 4°C, warmed to 25 °C and applied to the columns at a loading rate of

approximately 10 feet/day until ponding occurred, which varied from the first to the third

day of the wet period for the sand column, and was on the first day for the Sweetwater

column. Once a pond developed on the soil surface, it was maintained at a depth of 30

cm. Overflow of the influent water was directed back to the refrigerated influent

container during cycles 10 through 13. However, in order to maintain steady initial water

quality conditions throughout the experiment, this practice of "feed recycle" was

discontinued beginning with cycle 14. Samples (15-ml volume) of influent and effluent

were taken daily to measure for bacteriophage. Influent samples were taken from the

pond of water at the soil surface when possible, and from the influent line before ponding

developed. Because the 1-m columns were run for a fixed period of 7 days (18-cm

column wet periods were a function of column clogging), effluent samples often required

long periods (up to 2 hours) to collect near the conclusion of a wet period. For each cycle,

influent and effluent samples were assayed for bacteriophage using the plaque-forming

unit method.

Data were collected during eight wetting cycles in the Agua Fria sand column,

four in the Sweetwater sandy loam column and 2 in the azide - inhibited Agua Fria sand

column. In order to test the hypothesis that bacteriophage provide a conservative estimate

of pathogenic virus transport, poliovirus type 1 LSc was seeded in the influent to an Agua
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Fria sand column for two cycles, and the removal of poliovirus and bacteriophage were

compared. Poliovirus concentrations were determined using the plaque-forming unit

method, as described below.

2.3.1 Sodium-azide inhibition in the one-meter columns

Bacteriophage removal was evaluated in two wet periods of an Agua Fria sand

column that was poisoned with sodium aride (NaN 3), an inhibitor of aerobic respiration,

to ascertain what affect, if any, aerobic microbial activity has on virus removal. Azide

was applied in dechlorinated secondary effluent at a concentration of 2 mM NaN 3 . The

efficiency of N3 - as an inhibitor of aerobic cell activity was determined in past research

(Quanrud, et. al., 1996). Oxygen utilization was measured in soil bacteria suspensions

from both N3 - inhibited and non-inhibited soil columns. Although the numbers of

culturable bacteria present in the two samples were found to be similar, aerobic

respiration was greatly reduced in the N3" inhibited soils at the concentration used.

Disposal of column effluent containing sodium aride was conducted according to

recommendations from the Hazardous Waste Management Department at the University

of Arizona. A cold 5.5% solution of cerric ammonium nitrate ((NH 4)2Ce(NO 3 )6) was

slowly added to the effluent, at a ratio of 153 ml solution/g aride,  with sufficient agitation

to suspend all solids. Once the chemical reaction was judged to be complete, the mixture

was washed down the drain with water.
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2.3.2 One-meter column hydraulic detention time estimates

Estimates of the average pore velocity and detention time in the one-meter

columns were made using the measured soil matric potential and column flow rate. A

report on the soils used in this study developed a relationship between the soil matric

potential and the volumetric water content for each soil used (Houston, et. al, 1995). In

this report, van Genuchten moisture retention parameters were estimated using the RETC

program and data collected using the "filter paper technique". Measurements were

performed on clean, repacked soils. The moisture retention curve is a relationship

between the soil matric potential (which was measured in this study using tensiometers)

and 0,, the volumetric water content. The moisture retention curve for the Agua Fria sand

and van Genuchten soil parameters from this soils report are shown in Figure 1. During

use of this relationship on data collected in this research, it was observed that the zero

value for 0„ (residual water content) resulted in a poor fit at low moisture contents (Figure

1). Therefore, the parameters were slightly adjusted (0, = 0.04) to obtain a better and more

realistic moisture release curve from which 0, can be estimated. The adjusted van

Genuchten parameters and moisture release curve are shown in Figure 2.

The volumetric water content was used to calculate the average linear pore water

velocity between tensiometer ports using the relationship:

vave = (Q/A)/ev	 (5)
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where Q is the column flow rate in ml/min, A is the cross-sectional column area, and Ov is

the volumetric water content. The detention time for this section of the column was then

estimated as:

Detention time =	 ave
	 (6)

where L i is the length between tensiometer ports. The sum of these individual detention

times was then taken to be the net column detention time.
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Figure 1. Moisture retention curve for Agua Fria sand as reported in the

Soil Properties report ( Houston, et. al., 1995) using the following
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O r = 0.04
0, = 0.427
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m = 0.767
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2.4 Agua Fria sand rainwater experiments

It is believed that the removal of viruses from wastewater by soils is a reversible,

adsorptive process (Bales, et. al., 1995). One concern about the use of infiltration basins

and rivers for effluent discharge is that viral pathogens may elute from soil with the

percolation of low-ionic-strength rainwater. Another situation in which this would be a

concern is during the application of a different type of water to infiltration basins, such as

Central Arizona Project water or rainwater. Therefore, the possibility of viral

remobilization due to the percolation of lower ionic strength rainwater was explored

through the application of artificial rainwater to the Agua Fria sand column. From the

perspective of phage desorption, the addition of rainwater represents a worst-case

scenario. Runoff reaching an infiltration site or a stream channel would contain

considerably more dissolved solids than pure rainwater.

Three different experiments were conducted to explore the phenomenon of virus

detachment within the Agua Fria sand column. The first consisted of the application of a

low-ionic-strength artificial rainwater (composition listed in section 2.3.2) following two

days of regular column operation (dechlorinated secondary effluent application). In order

to isolate ionic strength as the cause of the viral elution observed in the first experiment, a

second experiment was conducted in which a clean, high-ionic-strength water was

applied before the low ionic strength rainwater. For the final experiment, actual Tucson

runoff water was collected from a wash (located near the intersection of Ft. Lowell Street
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and Oracle Avenue) a short (— 1 hour) August monsoon storm event. This runoff water

was applied to the column after 2 days of regular column operation and intensive

sampling was conducted to observe any bacteriophage migration. Refer to Table 4 for a

description of the experimental procedures followed and the relevant water quality

parameters, and to section 2.3.2 for the artificial water compositions.

2.4.1 Sampling techniques for the rainwater experiment

Intensive sampling of the column effluent was conducted during all three

experiments described above in order to observe any bacteriophage detachment from the

sand in the column. Influent and effluent electrical conductance were measured to trace

the breakthrough of the low-ionic-strength water. Conductance measurements were made

using a Hach conductivity / TDS meter (Loveland, CO), and samples of the effluent were

assayed for bacteriophage as for the other phage removal experiments (see section 2.5). In

an attempt to enhance precision and produce a well-defined effluent phage peak, five

duplicate plates were read during the bacteriophage assay instead of three, as was the

practice for all other phage assays.
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Table 4

Schedule and relevant water quality parameters for the rainfall experiments on the

one-meter Agua Fria sand column

Water Type Period of Application Conductivity

(11S/cm)

pH

IN

pH

OUT

Cycle 1: Secondary effluent and artificial rainwater

Dechlorinated secondary 2 days 950 7.5 7.7

Artificial rainwater 3 days 60 6.4 7.4

Cycle 2: Secondary effluent, high I water, and artificial rainwater

Dechlorinated secondary 2 days 950 7.5 7.7

High I water 4 hours 900 7 • 5* -

Artificial rainwater 2 days 60 6.4 7.4

Cycle 3: Secondary effluent and local runoff

Dechlorinated secondary 2 days 720 7.9 7.7

Local runoff 8 hours 134 7.5 7.8

* Measurement obtained from re-created water.
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2.4.2 Composition of artificial rainwater

In order to prepare rainwater for the rainfall experiments in the Agua Fria one-

meter sand column, a typical, local rainwater composition was obtained from Brian

Barbaris, The University of Arizona Department of Atmospheric Sciences. The following

were added per 1 liter of Milli - Q (Millipore filtration system) water:

0.42 lAmoles MgSO4

0.425 ['moles 1(2504

0.635 lAmoles CaSO4

0.235 1.tmoles CaCl2

0.54 jArnoles NaC 2H30 2

3.07 iAmoles NH4NO3

1.22 innoles NaCl

0.56 lmoles HNO 3

0.80 }moles HC1

The high-ionic-strength water that was used in the second rainwater experiment

was prepared by adding Sea Salts (Sigma Chemical Co, St. Louis, MO) to tap water

(Tucson groundwater) to make the measured conductivity approximately equal to that of

secondary effluent, around 900 microsiemens per centimeter ( AS/cm).
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2.5 Virus measurements

2.5.1 Bacteriophage assay by the double-agar overlay technique

Removal of indigenous bacteriophage was determined through daily sampling of

column influent and effluent over four cycles of 18-cm column operation. Samples were

stored from 1 to 3 days at 4° C and then filtered through 0.22-lim pore size, low protein

binding cellulose-acetate Tuffryn membranes (Gelman Sciences, Ann Arbor, MI), that

were treated with Tryptic Soy Broth (Difco, Detroit, MI). Filtering the samples removed

bacteria that can interfere with visualization of bacteriophage plaques. The filtered

samples were then assayed using the plaque forming unit (PFU) method (Adams, 1959),

as described below, using Escherichia coli ATCC 15597 (obtained from the American

Type Culture Collection in Rockville, MD) as the bacterial host.

Material required

Tris-Buffered Saline solution (Tris) for dilution of samples:

1600 ml H20

63.2 g Trizma Base (Sigma Corporation)

163.6 g NaC1

7.46 g KC1

1.13 g anhydrous Na2HPO4
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To bring the volume to 4.0 ml, 3.6 ml of Tris was added per test tube; 0.4 ml of

higher dilution added to bring the volume to 4 ml.

Bottom agar: 1.5% Trypticase Soy Agar (TSA) was prepared and dispensed into

petri dishes (approximately 10 ml/petri dish).

Top Agar: 1.0% TSA + Trypticase Soy Broth (TSB) were prepared and dispensed

together in solution into test tubes, 3 ml per test tube.

Growth media for host bacteria: TSB was hydrated and distributed into test tubes

(9 ml each). The remainder was dispensed into 250-ml flasks (50 ml each) for the purpose

of host bacteria incubation.

All the above media must be sterilized in an autoclave for 20 minutes at the time

of preparation, and stored at 4° C until use.

Preparation of Host Bacteria

A 9-ml TSB tube was inoculated with a colony of the host bacterium (Escherichia

cou, ATCC 15597) from a culture petri dish and incubated at 37° C for 18 to 24 hours, at

which point the bacteria were in the stationary growth phase. After this incubation period,

the suspension was vortexed and inoculated into 50 ml of TSB, and grown at 37° C on a

shaker table for 3 to 5 hours. The bacteria must be used between 3 to 5 hours, during their

exponential growth phase.
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Assay for Bacteriophage

Samples were diluted as necessary to produce bacteriophage concentrations

between 30 and 300 PFU per ml. A quantity of 0.4 ml of sample was removed, and added

to 3.6 ml of Tris buffer solution. The 1.0% top agar test tubes were then removed from

the refrigerator, steamed to liquify, and placed in a 48 °C water bath. The 1.5% TSA

plates were warmed to room temperature, and the 50 ml of host bacteria was taken from

the shaker table incubator.

Each 3-ml top agar tube was inoculated with 1 ml of sample and 1 ml of host

bacteria, vortexed and poured onto a 1.5% TSA plate. The plate was swirled carefully to

cover the media, and set aside to solidify. Three replicates per sample (or dilution) were

assayed. Once all samples had been completed and solidified on the TSA plates, they

were inverted and incubated at 37 °C overnight. After approximately 24 hours, the

bacteriophage were counted by identifying clear "plaques" on the lawn of host bacteria.

Only counts within the range of 30 to 300 per ml were considered accurate. The

coefficient of variation (a/mean) for this method was found to be approximately 0.2 using

this method.
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2.5.2 Poliovirus assay by the plaque-forming unit method

Materials required

Poliovirus type 1 Lsc (2ab) that was used for the seeding experiments was

obtained from The Department of Virology, Baylor College of Medicine.

A Buffalo Green Monkey (BGM) cell line was maintained and propagated weekly

in the laboratory. These cells were used as the animal cell hosts for the assay.

A 4% tissue culture medium supplied nutrients for the BGM cells as they grow.

Ingredients of the culture medium are listed here:

400 ml lx Minimum Essential Media (MEM), prepared from MEM

Autoclavable Modified Earle's Salts, Irvine Scientific

4 ml of 0.893 M Sodium Bicarbonate (15 g NaHCO 3 in 200 ml H20)

12 ml of 1M hepes

16 ml Fetal Bovine Serum

1 ml penicillin/streptomycin

1 ml kanamycin

1 ml mycostatin

4 ml glutamine
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Overlay Medium is used in the assay to nourish the cells for the incubation period.

It is composed of:

100 ml 2x MEM (warmed to 37 ° C)

6 ml of 0.893 M Sodium Bicarbonate

4 ml Fetal Bovine Serum

0.2 ml penicillin/streptomycin

0.2 ml kanamycin

0.2 ml mycostatin

2 ml glutamine

100 ml melted 1% agar

Plaque assay procedure for poliovirus

Once the BGM cells had grown into a confluent monolayer in the six-well sterile

plastic plates, they can be used in the plaque assay. This usually takes about 5 days from

the day they are passed into the wells. Dilutions of the sample must be made in Tris

saline buffer solution (Sigma Chemical Co., St. Louis, MO) if the expected viral

concentrations are above 60 per ml. The 4% tissue culture media was poured off of the

cells. Then 0.1 ml of the sample was added to each well, and they were incubated in 5%

CO2 at 37° C for 30 minutes and agitated every 15 minutes to ensure complete coverage

of the cells. After this incubation, 3 ml of the overlay medium was added to each cell.
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The cells were incubated once again in 5% CO2 at 37° C for 2 days, and then stained with

Crystal Violet Dye, which stains the viable cells only. Round, clear spots were designated

plaques (dead cells), and counted as plaque-forming units (PFUs).

2.6 Data analysis procedures

Bacteriophage removal data in the 18-cm and one-meter columns was analyzed in

a similar fashion. Daily percent removal of bacteriophage was calculated from the daily

samples of column influent and effluent, and was computed for each day of the column

wet cycles in which virus measurements were made. This information demonstrates

removal trends within each cycle. In order to compare virus removal between cycles, a

flow-weighted removal of virus must be considered, since removals occurring at higher

flow rates will be more significant than when lower volumes of water pass through the

column. The total virus removal for a wet period was calculated using the total number of

viruses influent to the column (E Co *Q*t) and total coming out of the column (E C*Q*t),

where Co and C are the influent and effluent viral concentrations, respectively, in plaque

forming units (PFU) per ml; Q is the average flow rate over the period of interest (— 24

hours) in ml/min; and t is the time period in minutes. This value was designated the Total

Percent Removal, or TPR, as it represents the total fraction of viruses retained by the soil

for the wet period:

TPR = (Total virus in - Total virus out)* 100/ (Total virus in)
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III. RESULTS

3.1 Virus removal

Total percent removal of indigenous coliphage from dechlorinated secondary

effluent in 18 cm and one meter of soil is presented in Table 5. The results are listed by

column length and soil type for each cycle analyzed. Average values of pH and total

column flow rate are also included. Representative graphs of cumulative influent and

effluent bacteriophage and daily percent removal for representative cycles are provided

for 18-cm Sweetwater soil (Figure 3) 1-m Sweetwater soil (Figure 4) 1-m Agua Fria sand

(Figure 5), and 1-m azide - inhibited Agua Fria sand (Figure 6). The total removal of

bacteriophage can be seen qualitatively in these figures as the difference between the

cumulative influent and effluent curves. Actual values of average cycle TPRs for each

column type are reported in Table 6. In examining coliphage removal in Figures 3

through 6, it is important to realize that, especially in the one-meter columns, the majority

of phage pass through the columns during the early part of the wet period, when flow

rates are high and a large volume of water passes through the column. The general

hydraulic pattern of the columns was a trend from rapid infiltration (— 8 to 10 ml/min or

feet of water per day) at the beginning to a very slow flow at the end of the wet period.

The column infiltration rate was controlled by the schmutzdecke layer on the soil surface,

which both matured over several months of column operation, and also clogged the

column after 1 to 3 days of effluent application (only hours in the Sweetwater columns),
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slowing the flow rate significantly. Once the column has been allowed to dry, the

schmutzdecke layer dries and cracks, and once again allows rapid infiltration for the first

few days of the next wet period. This early period, when flow rates are high and virus

removal appears to be low, is the most important part of the cycle, in terms of virus

removal, to consider during the operation of an SAT basin.
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Table 5

Indigenous coliphage removal in the 18-cm and 1-m columns

Soil Type Column
Length

Column
Number

Wet
Cycle

Number

pH
In*

pH
Out*

Flow
Rate*

(ml/min)

Removal
of

Coliphage
(TPR)

Sweetwater 18 cm 1 15 - - 2.1 83

1 17 - - 2.5 85

2 11 - - 10.1 48

2 13 - - 12.8 33

2 16 - - 11.5 39

Sweetwater 1 meter 9 10 7.7 7.7 4.1 88

9 11 8.0 7.5 0.6 99

9 13 7.9 7.9 8.7 90

9 14 7.9 7.6 0.7 96

Agua Fria 1 meter 7 10 7.9 7.7 2.6 88

7 11 7.9 7.6 4.7 89

7 13 8.0 7.8 4.2 72

7 14 7.9 7.8 4.0 56

7 16 8.0 7.8 2.1 51

7 17 - - 0.4 99

7 19 8.1 7.8 4.6 83

7 20 7.9 7.9 4.2 71

N3 -

inhibited
Agua Fria

1 meter 11 19 8.1 8.0 3.0 62

11 20 7.9 7.9 2.4 28

Notes: 
* Listed values represent averages over a wet period.

The surface of column 7 was scraped following cycle 17, resulting in increased column

flow during cycle 18.
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Table 6

Summary of bacteriophage removal: Total Percent Removals

Soil Type Column

Length

Wastewater

Applied

Number of

Cycles

Average TPR

Sweetwater sandy

loam

18 cm Dechlorinated

secondary

5 58%; a = 25%

Sweetwater sandy

loam

1 meter Dechlorinated

secondary

4 93%; a = 5%

Agua Fria sand 1 meter Dechlorinated

secondary

8 76%; o- = 17%

Agua Fria sand 1 meter Azide-inhibited

Dechlorinated

secondary

2 45%; a = 24%

3.2 The effect of soil profile length on virus removal

As would be expected, enhanced virus removals were observed in the longer soil

columns. The average total percent removal of indigenous coliphage was 58% in the 18-

cm Sweetwater columns, as is listed in Table 6. Removal of coliphage in the one-meter

Sweetwater column was considerably higher, at 93%. An analysis of variance (Single-

factor test; Microsoft Excel) found this difference in removal to be quite significant (P =

5x10 -8). Results indicate that although the surface clogging layer makes a notable
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contribution to virus removal in SAT, further virus removal will result with infiltration

through the remainder of the soil profile.

3.3 The effect of soil type on bacteriophage removal

As can be -seen in Table 6, higher removal of bacteriophage was observed in the

finer-grained sandy loam soil (93%) than in the sand (76%). An analysis of variance

found this difference to be significant (P = 0.001).

3.4 Poliovirus removal in the one-meter sand column

The Agua Fria sand column was seeded with poliovirus for two wet cycles to

facilitate comparison of poliovirus and bacteriophage removal in the one meter columns.

Figure 7 shows the cumulative influent and effluent virus and daily percent removals for

poliovirus and bacteriophage for one wet period. Table 7 contains a summary of

poliovirus and indigenous bacteriophage removals for these two cycles. As can be seen

from this data, poliovirus removal efficiency was greater than or equal to that of native

bacteriophage. Although this does not present conclusive evidence applicable to all

pathogenic viruses, the results support the use of indigenous bacteriophage in effluents as

a conservative indicator of poliovirus transport during SAT.
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Table 7

Poliovirus and bacteriophage removal

Soil Type	 - Column

Length

Effluent

Quality

Cycle

Number

Removal of

Coliphage

(TPR)

Removal of

Poliovirus

(TPR)

Agua Fria

Sand

1 meter Dechlorinated

secondary

16 51% 89%

Agua Fria

sand

1 meter Dechlorinated

secondary

17 99.2% 99.4%

3.5 The effect of aerobic microbiological activity on bacteriophage removal

Another interesting comparison involves the azide - inhibited Agua Fria sand

column and the uninhibited sand column. Phage removals were significantly lower (P --

0.033) in the azide-inhibited column (Figure 6), suggesting that aerobic microorganisms

play a significant role in the removal of viruses by soil during soil-aquifer treatment.

3.6 Dependence of bacteriophage removal on column flow rate

Removal of indigenous coliphage in these soil columns depended on the column

flow rate over the range of 0.1 to 5 m/day. This effect was most pronounced in the shorter

columns, as can be seen in Table 5. Higher removal efficiencies were observed in column

1, which also demonstrated significantly lower flow rates than column 2. This

dependence of coliphage removal on flow rate is depicted in Figure 8, where an inverse
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correlation between the column flow rate and virus removal is observed (R2 = 0.33; P =-

0.00001). Flow rate- dependence of removal was also observed in the one-meter columns

(both Sweetwater soil and Agua Fria sand), although it was not as dramatic an effect in

the Sweetwater column. (Figures 9 and 10).
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Figure 8. Dependence of bacteriophage removal on column flow rate.

A total of 5 cycles are plotted, from 18-cm columns 1 and 2.
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3.7 Bacteriophage detachment during rainwater application.

In order to determine whether viruses removed by soil could be remobilized by

low-ionic-strength rainwater, three experiments were conducted on the Agua Fria sand

column. In the first rainfall cycle, the low-ionic-strength artificial rainwater was applied

to the Agua Fria sand column following a two day application of secondary effluent

containing indigenous bacteriophage. In the second wet/dry cycle involving rainfall, a

more concerted effort was made to isolate ionic strength effects on virus elution from

soil. Secondary effluent was applied for two days, then a pulse of high ionic strength

clean water, which was followed by the low-ionic-strength artificial rainwater.

Bacteriophage MS-2 was also seeded in the influent to the column to supplement the low

influent bacteriophage numbers observed in cycle 1. The MS-2 phage concentration

overwhelmed the native coliphage concentration in cycle 2. In the third rainwater

infiltration experiment, actual Tucson runoff water collected from a local wash was

applied to the Agua Fria sand column immediately following two days of secondary

effluent application. The relevant water characteristics are listed in section 2.3, Table 4.

Figure 11 shows the results of rainfall cycle 1: Influent and effluent electrical

conductance, as well as effluent bacteriophage concentration and column flow rate are

plotted throughout the entire cycle. A peak in effluent bacteriophage coincided with the

breakthrough of low-ionic-strength artificial rainwater.

Results corresponding to rainfall cycle 2 are shown in Figure 12. Remobilization

of bacteriophage attached to soil particles during secondary effluent application were not
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detached during application of the clean, high ionic strength water. However, as in the

first cycle, peak phage detachment was accompanied by the breakthrough of low ionic

strength artificial rainwater.
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Figure 11. Rainfall experiment number 1 on the Agua Fria sand column.

A pulse of indigenous bacteriophage was observed with the low-ionic-

strength artificial rainwater in the effluent.
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Figure 12
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Figure 12 Rainwater experiment 2. Bacteriophage detachment was not

observed with high-ionic-strength, clean water. However, a pulse of

bacteriophage was observed to coincide with the breakthrough of the

low-ionic-strength artificial rainwater. The majority of phage in this

experiment were MS-2 coliphage.
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Table 8

Bacteriophage migration in rainfall flushing events,

one-meter Agua Fria sand

Rainfall
Cycle
Number

Type of
Bacteriophage
Present

Total % Removal of
Bacteriophage (Before
simulated rainfall)

Percentage of
Removed
Phage Eluted
in Rainwater

Cycle 1 Indigenous only 90% 7.8%

Cycle 2 Indigenous + MS-2 88% 0.24%

Mass balances on phage (shown in Table 8) indicated that in cycle 1 a significant

fraction of the bacteriophage removed from secondary effluent was eluted from the soil

column in low ionic strength water (7.8%). The percentage remobilized in cycle two was

much lower (0.24%; See Table 8). Results suggest that native bacteriophage are more

readily eluted from soils than MS-2 bacteriophage.

The third and final rainfall experiment was conducted with runoff taken from a

local (Tucson) wash. Runoff water was applied to the Agua Fria sand column following 2

days of secondary effluent application. Figure 13 illustrates the relationship between

breakthrough of low ionic strength runoff water and native bacteriophage detachment.
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The bacteriophage elution observed was significant in relation to overall bacteriophage

concentration, similar to the results obtained in rainfall cycle I, where indigenous

bacteriophage were observed to detach from the soil during percolation of artificial

rainwater. Although few data were collected in cycle 3 due to a surprisingly short

detention time, the observation of bacteriophage detachment in runoff water lends support

to the results of the earlier experiments using artificial rainwater. The bacteriophage

present in this experiment were indigenous to secondary effluent. It is worth noting that

the secondary effluent applied in this cycle was not chlorinated, unlike effluents used in

all other experiments. As expected, counts of native, plaque-forming phage were

considerably higher than those in chlorinated secondary effluent.
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Figure 13. Bacteriophage detachment from Agua Fria sand during

application of Tucson runoff.
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3.8 Detention times calculated using column measurements

Another useful result from the rainfall experiments was an estimation of detention

time in the sand columns. This was determined by location of the 50% C/Co breakthrough

in the low-ionic-strength effluent water, and calculating the time that had elapsed since

the application to the top of the column. The appearance of bacteriophage breakthrough

along with the low-ionic-strength water in the effluent supports this estimation of

detention time. Detention times calculated through column measurements (matric

potential and flow rate) did not agree with those observed in the rainwater experiments.

Shown in Figure 14 are the calculated detention times and their corresponding flow rates,

as well as the three detention times estimated by the time until the 0.5 C/C o breakthrough

of a low-ionic-strength pulse of artificial rainwater. An examination of this figure

indicates that the detention times calculated for the column are to short, relative to those

that were actually observed in experiments.
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Figure 14
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Figure 14. Detention times for the one-meter Agua Fria sand column,
both calculated from volumetric water content and observed in rainwater
experiments. The points above the rainwater curve represent saturated flow

in cycle 10, when the column was clogged with CaCO3 . There exists a
discrepancy between observed (rainwater experiments) and calculated
column detention times.
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IV. DISCUSSION OF RESULTS

4.1 One-meter column hydraulics and detention time calculation

It was desired to obtain detention time estimates from column measurements

(matric potential and flow rate) to compare bacteriophage removals in the one and two -

meter sand columns and the one - meter sandy loam column as a function of residence

time. Since it has been suggested that virus removal by soil particles is often diffusion

limited and phage removal seems to increase in inverse proportion to the column flow

rate, it seems reasonable to hypothesize that the column detention time may be an

independent variable that could be used to predict virus removal in any length of any soil

type. Furthermore, a simple parameter such as detention time in the unsaturated zone

could be calculated relatively easily and employed in practice to estimate the net

reduction of viruses during SAT.

Unfortunately, as was presented in the results section, a rather large difference

was observed between the detention times calculated using equations 5 and 6:

vave = (Q/A)/ Ov	 (5)

Detention time= /=	 Vave	 (6)

in which the measured matric potential is used to estimate water content (0 v) and the

detention times actually observed during the rainwater experiments. The calculated

detention times are too short relative to those observed. This is most likely due to low
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estimates of 0„, since the use of equation 5 to calculate average pore velocities is widely

accepted, and from the above equations we can see that 0,, is the only unknown variable,

and low estimates of water content will indeed result in shorter detention times.

It seems apparent that the soil characteristics of the sand column have changed

due to the application of secondary effluent. This result agrees with the steady

improvements in removal of organic carbon by the soil columns which were observed

throughout the experiments, indicating an acclimation period in which microbiological

activity developed inside the column (data not shown). The most obvious evidence of this

was the development of the schmutzdecke clogging layer on the soil surface, composed

of algae and other organic material. Since the measurements used to develop the soil-

moisture release curves were conducted on clean soils, it seems reasonable to expect that

the acclimated soil may behave differently due to the increased organic content and

microbial growth. More specifically, the acclimated sand seems to behave as a finer -

grained soil, with a higher moisture content at a given matric potential than the clean sand

would have. Qualitative evidence of this hypothesis is presented in Figure 15, where the

calculated detention times and corresponding flow rates (ml/min) for the Sweetwater

sandy loam column are shown. Also plotted are the three observed detention times in the

sand column. It appears that the acclimated sand column is in reality behaving more like

the finer sandy loam soil than the clean sand. It can therefore be expected that the
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acclimated sandy loam column would behave in a similar fashion, with higher actual

moisture contents than were calculated from 0, relationships developed for the clean soil.

Another possible reason that the matric potential data may not provide accurate

measurements of soil moisture is the transient nature of the soil column operation. The

column flows at a rapid infiltration rate for the first 1 to 3 days, until the schmutzdecke

clogs at the surface and quickly changes the column flow. From this point until the end of

the cycle, column flow rates and moisture contents are continuously changing, and the

tensiometers may not in reality be able to equilibrate fast enough to provide an accurate

measurement of water content.

Because of these complications in calculating the volumetric moisture content,

detention time analysis in this research was restricted to the one-meter sand column. It is

obvious that the calculated detention times using 0, are not accurate for the acclimated

soils. Furthermore, it was found that extrapolation of the rainwater experiment detention

times to other columns (one meter and 18 - cm Sweetwater columns) resulted in large

errors. Therefore, in the absence of a reliable method by which to estimate hydraulic

detention times in other soil types and column lengths, analysis of virus removal as a

function of time will have to be confined to the one - meter Agua Fria sand.
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Figure 15. Calculated detention time estimates for the one - meter
Sweetwater sandy loam column, and observed Agua Fria sand column
detention times. The acclimated sand column behaves as a finer soil, with
higher moisture contents than the clean sand at equivalent matric potentials.
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4.2 Estimation of hydraulic detention time in the one-meter sand column

A relationship was developed between hydraulic detention time and flow rate in

the Agua Fria sand column, using the three observed breakthrough times from the

rainwater experiments and their corresponding average flow rates. Detention times for

each average column flow rate were estimated from the empirical relationship:

Detention time --= -3.88 Ln(Q) + 10.6 hours	 (7)

where Q is the column flow rate in ml/min. This equation plots the curve shown in Figure

16, and was used to determine detention times as a function of flow rate for each wet

period day of all cycles of the sand column that were analyzed for virus removal. The

nonlinear model described by equation 7 and shown in Figure 16 was chosen to match the

data as closely as possible. A line through the data points did not accurately describe the

column detention times at both high and low flow rates.
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Figure 16. The relationship between column flow rate and hydraulic

detention time based on observations in the rainwater experiments.

This equation was used to calculate detention times from flow rates in

the one - meter Agua Fria sand column.
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4.3 Qualitative separation of two components of virus removal in soil

Column flow rate affects two virus removal processes in soil: retention of viruses

on soil particles, and viral inactivation. As the flow rate within the soil decreases, the

hydraulic detention time of the column will increase, resulting in (1) more time for virus

removal processes (by diffusion) to occur, and (2) reduction of viable virus concentration

in the wastewater. As mentioned in section 1.3.1, earlier studies have shown virus

removal by soil to be kinetically limited (Cookson, 1967), indicating that a lower flow

rate will result in enhanced removal, if all other variables (such as pH, I, T, foe , etc.) have

been held constant. Filtration theory also predicts that virus transport from the fluid to the

collector by Brownian diffusion will be inversely proportional to the velocity of the fluid

(Kinoshita, et. al., 1992). Lower flow rates will therefore allow greater time for this

movement to occur, resulting in higher virus removal. Additionally, the second

component of virus removal in soils, virus survival, will be of greater importance as

detention times within the soil increase, especially at warm temperatures (-25 °C).

In an attempt to separate these two components of virus removal by soil particles

in SAT, bacteriophage survival and net removal (Log ic, C/C,,) are plotted as a function of

estimated detention time for the Agua Fria sand column in Figure 17. The correlation

shown in this figure between detention time and coliphage removal was found to be

significant (P=0.001), although there was a fair degree of variability in the data

(R2=0.56). The detention times used in this figure were determined from the relationship

between column flow rate and detention time observed in the rainfall experiments. Three
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different estimates of phage survival in the soil column were performed. The first is

simply the average inactivation rate observed in the column influent (-4°C) over the

seven day wet period. Also plotted is Yates' [1987] inactivation rate for MS-2 at 25 °C.

Lastly, the average influent inactivation rate has been adjusted to 25 °C using Yates'

[1987] temperature - dependent function (Equation 4).
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Figure 17. Net reduction of indigenous bacteriophage in the Agua Fria sand

column. The slope of the net virus reduction is greater than the highest

estimate of phage inactivation, indicating that virus removal by adsorption

increases with column detention time.
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It is evident from Figure 17 that even the most severe estimation of the phage

inactivation rate cannot account for all of the virus removal occurring within the 1-m sand

column: The slope of the net removal line is greater, indicating that additional removal

occurs as a function of time in the soil. Some portion of this reduction may be viral

inactivation, however the remainder of the removal must be attributed to removal

processes by soil particles. It is also interesting to note that there seems to exist some

baseline removal at very short detention times, indicated by a nonzero Y-intercept, where

virus removal due to inactivation is negligible.

The estimate of the inactivation rate of bacteriophage in the soil has considerable

uncertainty. While the influent inactivation rate adjusted to 25 °C provides a conservative

estimate, it is likely that the actual inactivation rate will be significantly less. In

comparison to other bacteriophage survival studies, the observed influent inactivation rate

is quite high for 4°C. Both Yahya, et. al. (1993) and Yates, et. al. (1987) observed

negligible inactivation of MS-2 bacteriophage at this temperature. The reason for this

discrepancy may be that influent samples were most often collected at the soil surface,

not from the refrigerated reservoir. Thus, the observed inactivation rate will also include

an unknown residence time at 25 °C. The time period the water spent at the top of the

column depended on the hydraulic loading rate, which ranged from about 3 m/day when

application began to as low as 0.1 m/day at the conclusion of a wet period. The estimated

residence time of the phage at 25°C in the 30 centimeter pond therefore ranged from



78

approximately 1 hour to 1 day, resulting in a higher inactivation rate than would normally

be expected at 4°C. Furthermore, it has been reported that association of viruses with soil

particles has resulted in enhanced survival times (Hurst, et. al., 1980). Therefore,

adjusting this rate to 25°C is most likely an overstatement of phage inactivation, and the

actual inactivation rate in soil will be lower, perhaps similar to that predicted by Yates, et.

al. for MS-2 in groundwater at 25 °C.

4.4 Predicting virus removal in Agua Fria sand during SAT

As was shown in Figure 17, increased detention times provided more

opportunities for viral adsorption to soil particles, as well as further inactivation at

temperatures in the range of 25 °C. This result agrees with the hypothesis that virus

removal occurs mostly by diffusion into the soil matrix and adsorption to soil particles,

which is often kinetically limited. It seems that the soil column detention time may be

used as an independent variable to estimate virus removal during SAT. The equation

obtained for bacteriophage reduction in unsaturated Agua Fria sand was:

Log io C/C o = -0.0818t - 0.3586 (25 °C; for 1m of sand) (8)

This equation may be viewed as the net virus reduction, most likely the sum of several

removal processes. Paramount among these are the processes of inactivation and

adsorption to soil particles. The goal of this research was to investigate the extent and

nature of virus removal in SAT for the purpose of evaluating it's utility as a wastewater
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treatment technology. Toward this end, the net reduction in virus concentration as a

function of detention time to groundwater can be used to predict virus removals in SAT.

It is expected that this rate would change in a saturated soil, because decreased viral

adsorption and increased survival times have been observed for saturated soil as

compared to unsaturated (Powelson and Gerba, 1994). Simple conservative, non-

retarding tracer experiments (Br - , C1 -) may be used to provide a rough estimation of travel

time to an aquifer beneath an SAT site, which could be used to estimate virus removal at

the site. For example, according to this relationship, a reduction of 99% (2 log 1 0 units)

would require approximately 20 hours in unsaturated sand, as was observed in the Agua

Fria sand experiments (See Figure 17). Extrapolating beyond the observed data, it is

estimated that a 99.9% (3 log) reduction would occur after 32.3 hours. However, it is

important to recognize that it is very possible that virus removal in soil could be site-

specific, and that this relationship developed for Agua Fria sand may not apply to other

soil types.

4.5 Improvements in virus removal with increasing soil profile length

Through the examination of coliphage removal as a function of detention time in

the one-meter Agua Fria sand column, it was concluded that greater hydraulic detention

times provided higher virus removal. This explains the observed increase in virus

removal from 18 centimeters to 1 meter of soil. Clearly, wastewater applied to soil will
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experience a longer detention time (at the same flow rate and moisture content) in one

meter of soil than in 18 cm. As a result, enhanced removal of bacteriophage was

observed. It is not a surprising result that a longer soil column will provide more

opportunities for virus removal. This result is supported by filtration theory, which (for a

steady state situation) predicts that reductions in virus concentration will be proportional

to the length of the soil column (Equation 1, integrated over the column length).

Another difference observed between the short and long columns was that there

was higher variability in bacteriophage removal in the 18-cm soil columns, as compared

to the one-meter Sweetwater columns. It seems that some factors which contribute to the

variability of virus removal (Perhaps preferential flow paths) were significantly

dampened in the 1-m columns, resulting in more consistent bacteriophage removal.

4.6 The effect of soil type on virus removal

In the one-meter column experiments, significantly higher removal of indigenous

bacteriophage was observed in the finer-grained sandy loam soil, as opposed to Agua Fria

sand. The cause of this higher removal was not investigated in this research. However,

since it was observed that longer detention times produced higher virus removals, the

flow rates of the Sweetwater and sand columns were compared. Table 9 lists the average

flow rates and total cycle removals of indigenous bacteriophage for the Agua Fria sand

and Sweetwater sandy loam columns over the period sampled.



Soil Type	 Average Total Percent
	

Average column flow rate

Removal
	

(mllmin) 

Agua Fria sand

Sweetwater sandy loam

76% a = 17% 3.33; a = 3.3

3.15; a = 4.0  93% = 5% 
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Table 9

Indigenous coliphage removal and average flow rates in the one-meter columns

This comparison of coliphage removal and flow rate shows that while the

Sweetwater column did indeed exhibit significantly higher virus removal (See results,

section 3.3), it did not have a significantly lower average flow rate (Single - factor

ANOVA; P = 0.85).

This comparison of flow rates does not prove that the detention times within each

of these columns was the same, since there are other variables that can have an effect on

the detention time. Specifically, as was shown in the detention time calculations, soil

moisture contents will also play a role: higher moisture contents will, in general, result in

longer detention times because there is a greater effective volume of water in the soil.

Additionally, the relationship between flow rate and detention time has been seen to be

non-linear (See Figures 14, 15 and 16), and therefore a comparison of linear averages of

flow rates is not the most accurate representation of hydraulic detention times. However,

the similar flow rates in these two columns does indicate that the detention times were of

similar magnitude, and suggests that a something other than detention time is most likely
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responsible for the enhanced removal of viruses within the finer soil. One possible

explanation may be that the smaller grain size soil has smaller pores, which could result

in shorter diffusion distances and therefore a higher virus removal rate.

4.7 The effect of aerobic soil microorganisms on virus removal

Greater removal of indigenous coliphages was observed in the one-meter sand

column than in the aerobically inhibited sand column. Column flow rates and detention

times were found to affect the extent of virus removal in these experiments, and therefore

an attempt was made to compare these variables in order to further implicate aerobic

processes in virus removal. As is shown in Table 10, no significant difference was found

to exist between the flow rates observed in these two columns operated at the same time

(P = 0.32). In fact, average flow through the aerobically inhibited column was slightly

lower than that observed in the uninhibited sand column. These results suggest that

aerobic conditions (and/or microorganisms) will enhance virus removal in SAT.
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Table 10

Comparison of total percent removal of indigenous coliphage in aerobically

inhibited and uninhibited Agua Fria sand

Column and Soil Type
	

Cycle
	

T.P.R.*
	

Average Flow

Number
	 (cycle)
	

Rate (ml/min)

Agua Fria sand
	

19
	

83.4 %
	

4.6

Agua Fria sand
	

20
	

71.3 %
	

4.2

Azide - Inhibited Agua Fria sand
	

19
	

61.7 %
	

3.0

Azide - Inhibited Agua Fria sand
	

20
	

28.0 %
	

4.28

* T.P.R. Value represents total virus removal over a cycle.

4.8 Indigenous coliphages as viral indicators in soil-aquifer treatment

Coliphages indigenous to secondary effluent were used in this study to evaluate

virus removal during SAT. It is important to support this practice with evidence that such

viruses will be removed to a lesser extent than pathogenic viruses of concern regarding

human health. Such a test was conducted in this research with poliovirus type 1 -Lsc in

the one -meter sand column, and removal of coliphage was seen to be equal to or greater

than poliovirus in 2 experiments. These results support the use of indigenous coliphages

as a measurement of the efficiency of the SAT process regarding virus removal.

It is widely accepted that, all other factors being equal, knowledge of the

isoelectric point (pi) of a virus will allow prediction of the amount of viral adsorption to a

charged surface, such as a soil particle (Fuhs and Taylor, 1982; Zerda, 1982). Viruses
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with a low isoelectric point (3 to 5) will have a greater negative charge at natural pH

values, and therefore less attraction to soil particles, than those with a higher pi. The pi of

poliovirus 1 (Lsc) has been reported to be 6.6 (Zerda, 1982). Bacteriophage isoelectric

points are known to have a wide range (3.9 - 5; Gerba, 1984), but are in general believed

to have a low pi. In the specific case of poliovirus, it is hypothesized that it's higher pi is

the reason that this virus is adsorbed to soil to a greater extent than the coliphage used in

this research.

This result may be of value during SAT operation. If a general pi of the

indigenous coliphage could be determined, this could be compared to common isoelectric

points of pathogenic viruses that would have to be removed during SAT. The coliphage

population could then be used as a surrogate to monitor for those pathogenic viruses with

higher isoelectric points, which would be far easier and less expensive than monitoring

for the human viruses themselves.

It is important to emphasize that what is proposed here is the use of indigenous

wastewater coliphage as a measure of the treatment process efficiency, not as an indicator

of the presence of human enteric viruses. "Indicator organisms" such as E. Coli are used

to alert the presence of human enteric bacteria, which could possibly be dangerous to

humans. Such organisms have been shown to be present with pathogens at the source,

more persistent in the environment and as resistant to disinfection, and have a density

correlated to pathogens. Although this has been suggested by other researchers and may
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be another environmental application of coliphages, this research has not addressed these

aspects of bacteriophages. What is presented here is the use of indigenous wastewater

coliphages as an indicator of the SAT process efficiency concerning virus removal. The

results of the poliovirus experiments support this practice, and perhaps additional

research in the future will show similar results for other human pathogenic viruses.

4.9 Implications of the rainwater experiments

Significant detachment of indigenous wastewater coliphage was observed during

the application of a low ionic strength artificial rainwater. In the second rainwater

experiment, ionic strength was isolated as the cause of this phage release, because no

viruses were observed in the effluent during the application of a similar high ionic

strength water. Solution pH has also been implicated as a cause of virus elution from soil

(Bales, 1989). However, high pH favors free virus, as it will result in a greater negative

surface charge on the virus. The rainwater in this experiment had a lower pH than the

secondary effluent, which would yield greater adsorption of viruses with respect to pH.

Therefore, it was concluded that the ionic strength of the solution was the cause of phage

detachment in this research. It is interesting to note that a smaller proportion of MS-2

bacteriophage (in comparison with the indigenous coliphage) were eluted during the

second rainwater experiment. The results of these experiments present no reason for this

phenomenon.
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The observation that low-ionic-strength water can result in viral detachment from

soils has several interesting implications regarding virus removal during SAT. Primarily,

this supports the double - layer hypothesis of virus adsorption, which suggests that low-

ionic-strength water will result in expansion of the diffuse layer, creating poor conditions

for virus attachment. The results also indicate that the process of viral adsorption to soils

is reversible, that viruses removed by soil may be eluted if conditions are altered.

Therefore, survival of viruses of concern in soil is important to understand. Furthermore,

if it is desired to apply water of a different origin, such as rain or Central Arizona Project

water, to the infiltration basins this may result in the release of viruses from the soil.

However, drying of soil for even short periods such as one day has been shown to greatly

reduce desorption of viruses in low-ionic-strength water (Lance, et. al., 1976). Therefore,

a carefully managed SAT basin may be able to prevent the occurrence of this

phenomenon. Alternatively, discharge of effluent into dry river channels would most

likely not provide this drying period, which may result in virus migration during periods

of sudden rainstorms and river flow.
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V. CONCLUSIONS

The research presented here was conducted with the goal of suggesting ways in

which to optimize virus removal during soil-aquifer treatment. The following conclusions

are supported by the experimental program described, and can be applied to this purpose.

1. Application of wastewater to soil changes it's hydraulic properties significantly,

making estimations of O v using soil matric potential inaccurate. If O„ velocity, or

detention time estimates will be required, direct measurements of moisture content should

be made in order to use hydraulic equations to make these estimations.

2. Detention time within soil, which most likely affects virus removal in soil by two

processes, inactivation and adsorption, can be used as an estimator of virus removal

during SAT. The results indicate that a 99% reduction in virus concentration will occur

after 20 hours in sand. Extrapolation of these results suggests a 99.9% reduction would

require approximately 32 hours. Lower flow rates during SAT will most likely result in

longer detention times, slower soil velocities, and optimal virus removal.

3. Finer soil particles enhanced virus removal during simulated soil-aquifer treatment. In

this research, sand reduced indigenous bacteriophage concentrations only 76%, whereas
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sandy loam soil removed 93% in one meter of soil. The results indicate that this

improvement in virus removal is not exclusively due to reductions in flow rate in finer

soils.

4. An aerobic soil environment produced greater virus removal during simulated SAT.

Aerobic microorganisms would also presumably enhance removal of organic compounds

from domestic wastewater as well. Therefore, SAT infiltration basins should be operated

to ensure sufficient aeration of the water and soil in order to prevent anaerobic soil

conditions.

5. Coliphages indigenous to secondary effluent acted as conservative indicators of

poliovirus transport during SAT. Since they are easier and less expensive to detect in the

laboratory than human pathogenic viruses, it is suggested that these bacteriophages be

utilized to evaluate the treatment efficiency at SAT infiltration basins. Further work

would be required to determine with certainty that bacteriophages will adsorb less to soils

than all pathogenic viruses, however determination of isoelectric points of the viruses of

concern may provide an initial evaluation of this relationship.

6. Significant detachment of bacteriophage was observed during a simulated rainfall

event on a sand column immediately following application of secondary effluent. 7.8% of
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the indigenous coliphages removed over a two - day period were released from the soil

during this experiment. MS-2 bacteriophage experienced a more permanent adsorption to

soil particles, although no explanation for this occurrence was found in this research.

Results indicate that a rapid drop in ionic strength of the water applied to the infiltration

basins will result in migration of viruses within the soil. The potential for rainfall/runoff -

mediated virus transport is of most concern in effluent dominated streams, where

percolation of wastewater treatment plant effluents occurs in an unmanaged manner and

flows are occasionally dominated by precipitation and runoff. In the case of a shallow

water table, where the groundwater is situated only a short distance (approximately 1m)

from a streambed, it seems that this phenomenon could result in virus migration to the

groundwater. However, it is possible that this migration would be reduced over a more

extensive vadose zone. Further experiments would be required to determine the effect of

this detachment over greater vadose zone distances.

Conclusions related to pathogen transport/attenuation during simulated SAT are

summarized in Table 11.
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Table 11

Summary of conclusions for the one-meter column studies

Objective Purpose Conclusion

Use soil matric

potential measurements

to derive soil moisture

contents.

Estimate average pore

velocities and soil

column detention times.

Soil properties changed due

to effluent application

enough to make moisture

content calculations

inaccurate.

Determine the effect of

soil particle size (sand

vs. sandy loam) on

virus removal.

Find an optimum soil

type for SAT

concerning pathogen

removal.

Higher indigenous

bacteriophage removal in

sandy loam soil than in

sand.

Determine the impact

of aerobic soil

microorganisms on

virus removal,

Gain an understanding

of the dependence of

virus removal on

aerobic soil activity.

Aerobic microorganisms

play a significant role in

virus removal in SAT.

Compare removal of

indigenous coliphage to

poliovirus removal,

Support the use of

indigenous coliphage as

a conservative estimate

of poliovirus removal,

Removal of poliovirus in

Agua Fria sand was greater

than or equal to removal of

indigenous bacteriophage.

Study pathogen

remobilization in soil

during a rainfall event,

Answer questions about

the reversibility of

pathogen removal.

Small percentage of

indigenous bacteriophage

eluted (<8%).

Insignificant MS-2 elution

from soil (<0.5%).
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VI. RECOMMENDATIONS FOR FURTHER RESEARCH DIRECTION

The study of virus removal during SAT seems to depend on the flow rate and

column detention time, as theory would predict. Therefore, if a precise estimation of virus

removal is desired (i.e. modeling of virus transport), a concerted effort should be made to

accurately measure water content in the soil. Accurate moisture contents should then

provide estimates of velocities and detention times, using column flow rates, as was

explained herein. Moisture - release curves constructed from measurements on clean soils

do not seem to apply once the soil has been acclimated through effluent application.

Another useful endeavor would be to conduct field studies in which travel times

to sampling points could be estimated, and compared with predictions of virus removal

made in the laboratory. Ultimately, field studies of soil-aquifer treatment will provide the

most accurate representation of virus removal, and present evidence to support the safety

of this treatment alternative.
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Data for Secondary columns, SEC (Column 1) and ASUSEC (Column 2):

SEC Cycle #15: 6-19 to 6-22, 1994

TIME (Cumm.Hrs): 1 25 49
C/Co: 0.18294914 #DIV/0! 0.08879748
Removal: 0.81705086 #DIV/0! 0.91120252

Q (mL/min): 3.89 0.32

TIME (Cumm.Hrs): 1 25 49
AVE IN: (pfu/mL) 27.33 41.33
AVE EFF: (pfu/mL) 5 3.67

Graphing Data:
Time: (hours) 1 25 49
QC: (pfu/min) 19.45 1.1744

QCo: (pfu/min) 106.3137 13.2256

Time: (hours) 1 25 49

Cumulative PFU IN: 153091.728 172136.592

Cumulative PFU OUT: 28008 29699.136

Daily Percent Removal: 81.705086 91.1202516

Cycle Percent Removal: 82.7467619

SEC Cycle #17: 7-17 to 7-22, 1994

TIME (Cumm.Hrs): 1 25 49 73 97 121

C/Co: 0.21945867 0.665 0.23094688 0.11880012 0.14268218 0.09090909

Removal: 0.78054133 0.335 0.76905312 0.88119988 0.85731782 0.90909091

Q (mL/min): 3.28 2.83 2.53 2.16 1.86

TIME (Cumm.Hrs): 1 25 49 73 97 121

AVE IN: (pfu/mL) 13.67 2 4.33 33.67 16.33 11

AVE EFF: (pfu/mL) 3 1.33 1 4 2.33 1

Graphing Data:

Time: (hours) 1 25 49 73 97 121

QC: (pfu/min) 4.3624 2.83 10.12 5.0328 1.86

QC0: (pfu/min) 6.56 12.2539 85.1851 35.2728 20.46

Time: (hours) 1 25 49 73 97 121

Cumulative PFU IN: 9446.4 27092.016 149758.56 200551.392 230013.792

Cumulative PFU OUT: 6281.856 10357.056 24929.856 32177.088 34855.488

Daily Percent Removal: 33.5 76.9053118 88.1199881 85.731782 90.9090909

Cycle Percent Removal: 84.8463487



ASUSEC Cycle #11: 6-17 to 6-20, 1994

TIME (Cumm.Hrs): 1 25 49 73 97
C/Co: 0.520625 #DIV/0! 0.655806 #DIV/0! 0.23519
Removal: 0.479375 #DIV/0! 0.344194 #DIV/0! 0.76481

Q (mL/min): 14.8 11.6 9.5 4.5

TIME (Cumm.Hrs): 1 25 -	 49 73 97
AVE IN: (pfu/mL) 16 31 39.67
AVE EFF: (pfu/mL) 8.33 20.33 9.33

Graphing Data:

Time: (hours) 1 25 49 73 97
QC: (pfu/min) 123.284 235.828 0 41.985
QCo: (pfu/min) 236.8 359.6 0 178.515

Time: (hours) 1 25 49 73 97
Cumulative PFU IN: 340992 858816 858816 1115878
Cumulative PFU OUT: 177529 517121.3 517121.3 577579.7
Daily Percent Removal: 47.9375 34.41935 76.48097
Cycle Percent Removal: 48.2399

ASUSEC Cycle #13: 7-14 to 7-23, 1994

TIME (Cumm.Hrs): 1 25 49 73 97 121 145 169 193 217
C/Co: 0 0.68082 0.453352 0.238571 0.526066 0.734 0.125704 1.51419 0.37056 1.362398
Removal: 1 0.31918 0.546648 0.761429 0.473934 0.266 0.874296 -0.51419 0.62944 -0.3624

Q (mL/min): 15.6 8 7.2 10.9 14.7 12.7 14.4 16.9 15

TIME (Cumm.Hrs): 1 25 49 73 97 121 145 169 193 217
AVE IN: (pfu/mL) 2.67 31.33 21.33 7 6.33 5 5.33 12.33 18 3.67
AVE EFF: (pfu/mL) 0 21.33 9.67 1.67 3.33 3.67 0.67 18.67 6.67 5

Graphing Data:

Time: (hours) 1 25 49 73 97 121 145 169 193 217

QC: (pfu/min) 332.748 77.36 12.024 36.297 53.949 8.509 268.848 112.723 75

QC0: (pfu/min) 488.748 170.64 50.4 68.997 73.5 67.691 177.552 304.2 55.05

Time: (hours) 1 25 49 73 97 121 145 169 193 217

Cumulative PFU IN: 703797 949518.7 1022095 1121450 1227290 1324765 1580440 2018488 2097760

Cumulative PFU OUT: 479157 590555.5 607870.1 660137.8 737824.3 750077.3 1137218 1299540 1407540

Daily Percent Removal: 31.9183 54.66479 76.14286 47.39336 .	 26.6 87.42964 -51.4193 62.9444 -36.2398

Cycle Percent Removal: 32.9027
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ASUSEC Cycle #16: 9-18 to 9-21, 1994

TIME (Cumm.Hrs): 1 25 36 49 61 73 85
C/Co: 0.49563062 0.82851056 0.886792 0.54216867 0.51983051 0.42021739 0.22833333
Removal: 0.50436938 0.17148944 0.113208 0.45783133 0.48016949 0.57978261 0.77166667
%Removal: 50.4369375 17.1489437 11.32075 45.7831325 48.0169492 57.9782609 77.1666667
Q (mL/min): 15.6 8 7.2 10.9 14.7 12.7

TIME (Cumm.Hrs): 1 25 36 49 61 73 85
AVE IN: (pfu/mL) 76.67 56.33 53 83 59 46 54
AVE EFF: (pfu/mL) 38 46.67 47 45 30.67 19.33 12.33

Graphing Data:
Time: (hours) 1 25 36 49 61 73 85
QC: (pfu/min) 728.052 376 324 334.303 284.151 156.591
QC0: (pfu/min) 878.748 424 597.6 643.1 676.2 685.8

Time: (hours) 1 25 36 49 61 73 85
Cumulative PFU IN: 1265397.12 1545237 2011365.12 2474397.12 2961261.12 3455037.12
Cumulative PFU OUT: 1048394.88 1296555 1549274.88 1789973.04 1994561.76 2107307.28
Daily Percent Removal: 17.1489437 11.32075 45.7831325 48.0169492 57.9782609 77.1666667
Cycle Percent Removal: 39.0076805
Log in:

Secondary Column Results:

Cycle Information Cycle Percent Removal
SEC 15 82.7467619

SEC 17 84.8463487

ASUS 11 48.2398715

ASUS 13 32.9027484
ASUS 16 39.0076805

Average Cycle Removal: 57.5486822

Standard Deviation: 24.5863304
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AGUA FRIA SAND COLUMN:
Condensed data: Column #7 Cycle 10

TIME (Cumm.Hrs): 1.25 20.25 25.25 44.5 73.25 95.25 165
C/Co: 0.11692308 0.07358263 0.0769231 0.08575032 0.31851852 0.1316872 0.1526718
Removal: 0.88307692 0.92641737 0.9230769 0.91424968 0.68148148 0.8683128 0.8473282
Q TIME (Cumm Hrs): 28 46.3 70.5 98.3 165
Q (inL/min): 2.38 3.47 5.36 1.44 0.5

TIME (Curnm.Hrs): 1.25 20.25 25.25 44.5 73.25 95.25 165
AVE IN: (pfu/mL) 325 276 286 264 45 162 44
AVE EFF: (pfu/mL) 38 20 22 23 14 21 7

Graphing Data:

Time: (hours) 0 0 28 46.3 70.5 98.3 165
QC: (pfu/min) 0 52.36 79.81 75.04 30.24 3.5
QCo: (pfu/min) 0 680.68 916.08 241.2 233.28 22

Time: (hours) 0 0 28 46.3 70.5 98.3 165
Cumulative PFU IN: 0 1143542.4 2149398.24 2499620.64 2888731.7 2976775.7
Cumulative PFU OUT: 0 87964.8 175596,18 284554.26 334994.58 349001.58

Condensed data: Column #7; Cycle 11:

Time (Cumm. Hours): 5.5 16.5 20 41 66.5 94 115.5 137.5 163
C/Co: 0.00149701 0.16985377 0.0982824 0.01807229 0.20625 0.0801688 0.1770833 0.09574468 0
Removal: 0.99850299 0.83014623 0.9017176 0.98192771 0.79375 0.9198312 0.8229167 0.90425532 1
Q Time (Cumm.hrs): 19 40.8 66.8 91 114 139.5 160.5
Q (mL/min): 8.16 8.58 8.46 4.12 1.59 1.27 0.48

Time (Cumm. Hours): 5.5 16.5 20 41 66.5 94 115.5 137.5 163
AVE IN: 223 296 350 111 107 79 32 31 21.3333333
AVE EFF: 0.3 50 34 2 22 6 6 3 0

in dey. 69.3277241 32.6547597 24.006943 9.07377173 6.5064071 1 8.8881944 8.14452782
out dev. 0.57735027 8.50490055 6.8068593 0 1.73205081 3.7859389 2.5166115 2

Graphing Data:

Time: (hours) 0 0 19 40.8 66.8 91 114 139.5 160.5
QC: (pfu/min) 429 277.44 17.16 186.12 24.72 9.54 3.81 0
QC0: (pfu/min) 2539.68 2856 952.38 905.22 325.48 50.88 39.37 10.24

Time: (hours) 0 0 19 40.8 66.8 91 114 139.5 160.5
Cumulative PFU IN: 0 3255840 4501553.04 5913696.24 6386293.2 6456507.6 6516743.7 6529646.1
Cumulative PFU OUT: 0 316281.6 338726.88 629074.08 664967.52 678132.72 683962.02 683962.02



Condensed data: Column #7; Cycle 13: 

Time (Cumm. Hours): 26.75 50.75 74.25 101.75 122.75
C/Co: 0.29683698 0.36245955 0.12562814 0.04329004 0.01910828
Removal: 0.70316302 0.63754045 0.87437186 0.95670996 0.98089172
Q Time (Cumm.hrs): 27.3 48.6 74.8 99.8 121.8
Q (mL/min): 7.77 8.28 3.18 1.17 0.7

Time (Cumm. Hours): 26.75 50.75 74.25 101.75 122.75
AVE IN: 548 309 398 77 52.3333333
AVE EFF: 162.666667 112 50 3.33333333 1

in dev. 1.41421356 14.106736 74.2226381 1.73205081 10.0166528 6.55743852
out dey. 14.571662 20.0748599 6.08276253 1.52752523 I #DIV/0!

Graphing Data:

Time (hours) 27.3 48.6 74.8 99.8 121.8
QC: (pfu/min) 1263.92 927.36 159 3.9 0.7
QC0: (pfu/m in) 4257.96 2558.52 1265.64 90.09 36.6333333

Time: (hours) 27.3 48.6 74.8 99.8 121.8

Cumulative PFU IN: 6974538.48 10244327 12233913.1 12369048.1 12417404.1

Cumulative PFU OUT: 2070300.96 3255467.04 3505415.04 3511265.04 3512189.04

Condensed data: Column #7: Cycle 14:

Time (Cumm. Hours): 1.5 19.25 42.5 72.75 91 123.5 139.5

C/Co: 0.02366412 0.31229508 0.64020619 0.30259366 0.28614458 0.15441176 0.02222222

Removal: 0.97633588 0.68770492 0.35979381 0.69740634 0.71385542 0.84558824 0.97777778

Q Time (Cumm.hrs): 20 43 69 92 117 142 163.5

Q (mL/min): 8.83 8.33 5.13 2.72 1.33 0.79 0.62

Time (Cumm. Hours): 1.5 19.25 42.5 72.75 91 123.5 154.5

AVE IN: 436.666667 406.666667 323.333333 115.666667 110.666667 45.3333333 15

AVE EFF: 10.3333333 127 207 35 31.6666667 7 0.33333333

in dev. 15.2752523 120.138809 60.2771377 21 .1266025 14.4337567 14.2243922 4.58257569

out dev. 2.081666 6.55743852 27.2213152 2 6.65832812 0 0.57735027

Graphing Data:

Time: (hours) 0 20 43 69 92 117 142 163.5

QC: (pfu/min) 1121.41 1724.31 179.55 86.1333333 9.31 0.26333333

QCo: (pfu/m in) 3590.86667 2693.36667 593.37 301.013333 60.2933333 11.85

Time: (hours) 0 20 43 69 92 117 142

Cumulative PFU IN: 4309040 8025886 8951543.2 9366941.6 9457381.6 9475156.6

Cumulative PFU OUT: 1345692 3725239.8 4005337.8 4124201.8 4138166.8 4138561.8
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Condensed data: Column #7. Cycle 16. 

Time (Cumm. Hours): 26 46.67 72 84.5 121.5 140.5
C/Co: 0.60483871 0.33181818 0.11013216 0.02272727 0.01242236 0.01626016
Removal: 39.516129 66.8181818 88.9867841 97.7272727 98.757764 98.3739837
Q Time (Cumm.hrs): 21.5 45 69.5 93 117.5 141.3
Q (mL/min): 7.52 2.98 1.33 0.45 0.22 0.07

Time (Cumm. Hours): 26 46.67 72 84.5 121.5 140.5
AVE IN: 124 73.3333333 75.6666667 58.6666667 53.6666667 41
AVE EFF: 75 24.3333333 8.33333333 1.33333333 0.66666667 0.66666667

in dev. 28.5832119 13.5769412 4.50924975 6.65832812 15.5026879 1.73205081
out dev. 9 7.57187779 0.57735027 1.15470054 1.15470054 0.57735027

Graphing Data:

Time: (hours) 21.5 45 69.5 93 117.5 141.3
QC: (pfu/min) 564 72.5133333 11.0833333 0.6 0.14666667 0.04666667
QCo: (pfu/min) 932.48 218.533333 100.636667 26.4 11.8066667 2.87

Time: (hours) 21.5 45 69.5 93 117.5 141.3
Cumulative PFU IN: 1202899.2 1511031.2 1658967.1 1696191.1 1713546.9 1717645.26

Cumulative PFU OUT: 727560 829803.8 846096.3 846942.3 847157.9 847224.54

Condensed data: Column #7; Cycle 17.

Time (Cumm. Hours): 19.5 42 92.5 118.5 138.5

C/Co: 0.00857633 0.00619195 0.01003344 0.01119403 0

Removal: 0.99142367 0.99380805 0.98996656 0.98880597 1

Q Time (Cumm.hrs): 23 42 54.5 89.8 102.5 126.5 160.5

Q (mL/min): 0.83 0.26 0.4 0.18 0.52 0.28 0.2

Time (Cumm. Hours): 19.5 42 92.5 118.5 138.5

AVE IN: 194.333333 107.666667 99.6666667 44.6666667 33.3333333

AVE EFF: 1.66666667 0.66666667 1 0.5 0

in dev. 34.0049016 20.5020324 30.5341339 11.3724814 10.1159939

out dev. 1.52752523 1.15470054 0 0.70710678 0

Graphing Data:

Time: (hours) 23 42 54.5 89.8 102.5 126.5 160.5

QC: (pfu/min) 1.38333333 0.17333333 0.26666667 0.18 0.26 0 0

QCo: (pfu/min) 161.296667 27.9933333 43.0666667 17.94 23.2266667 9.33333333 0

Time: (hours) 23 42 54.5 89.8 102.5 126.5 160.5

Cumulative PFU IN: 222589.4 254501.8 286801.8 324798.72 342497.44 355937.44 355937.44

Cumulative PFU OUT: 1909 2106.6 2306.6 2687.84 2885.96 2885.96 2885.96
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Condensed data: 

Time (Cumm 4 30.5 53.75 77.75 100 125.5 158
C/Co: 0.26115343 0.0923277 0.28976378 0.40650407 0.13445378 0.05714286 0.04761905
Removal: 0.73884657 0.9076723 0.71023622 0.59349593 0.86554622 0.94285714 0.95238095
Q Time (Cummins): 30 54.75 76.5 99.5 122.75 147.5
Q (mL/min): I 11.9 8.42 3.3 2.17 1.48 0.35
Total Volume: 24520 Total time (mins): 8850
Qave: 2.77062147 mL/min

Time (Cumm. Hours): 4 30.5 53.75 77.75 100 125.5 158
AVE IN: 306.333333 256.333333 211.666667 82 39.6666667 23.3333333 35
AVE EFF: 80 23.6666667 61.3333333 33.3333333 5.33333333 1.33333333 1.66666667

in dev. 63.0105811 17.6162803 15.5349069 42 6.5064071 8.73689495 6.55743852
out dev. 16.7032931 4.50924975 13.6137186 18.036999 3.51188458 1.15470054 1.52752523

Graphing Data:

Time: 30 54.75 76.5 99.5 122.75 147.5
QC: 281.633333 516.426667 110 11.5733333 1.97333333 0.58333333
QC0: 3050.36667 1782.23333 270.6 86.0766667 34.5333333 12.25
QC/QaveCo: 0.39664246 0.8807982 0.48428282 0.10533022 0.0305312 0.00601685
Time: (hours) 30 54.75 76.5 99.5 122.75 147.5
Cumulative PFU IN: 5490660 8137276.5 8490409.5 8609195.3 8657369.3 8675560.55
Cumulative PFU OUT: 506940 1273833.6 1417383.6 1433354.8 1436107.6 1436973.85

I
Condensed data: Column #7: Cycle 20:

1
Time (Cumm. Hours): 3 28.5 53.25 77 98.5 124.25 151
C/Co: 0.21001927 0.31075697 0.34986945 0.29710145 0.12068966 0.05863192 0.06859206
Removal: 0.78998073 0.68924303 0.65013055 0.70289855 0.87931034 0.94136808 0.93140794
Q Time (Cummins): 25.25 53.25 76.5 98.75 122 145.75
Q (mL/min):1 9.57 7.5 3.23 2.56 1.73 0.86
Total Volume: 39370 Total time (mins): 10170
Qave: 3.87118977 mL/min

Time (Cumm. Hours): 3 28.5 53.25 77 98.5 124.25 151
AVE IN: 173 167.333333 127.666667 184 154.666667 102.333333 92.3333333
AVE EFF: 36.3333333 52 44.6666667 54.6666667 18.6666667 6 6.33333333

in dev. 11.5325626 21.9620885 14.6401275 14.7309199 12.858201 18.7705443 23.7135685

out dev. 7.3711148 11.5325626 10.0166528 8.02080628 4.04145188 2 5.50757055

Graphing Data:
Time: 0 25.25 53.25 76.5 98.75 122 145.75

QC: 497.64 335 176.573333 47.7866667 10.38 5.44666667

QCo: 1601.38 957.5 594.32 395.946667 177.036667 79.4066667

QC/QaveCo: 0.76846104 0.67804157 0.24796839 0.07983605 0.02621014 0.01524268

Time: (hours) 0 25.25 53.25 76.5 98.75 122 145.75

Cumulative PFU IN: 2426090.7 4034690.7 4863767.1 5392355.9 5639322.05 5752476.55

Cumulative PFU OUT: 753924.6 1316724.6 1563044.4 1626839.6 1641319.7 1649081.2
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Column #7: 1-meter Agua Fria Sand

Detention times determined from Q ***Detention time is determined

from rainfall experiments

(DT = -3.8823LN(Q) + 10.628)
Q: % Rem: C/Co Det. Time LOG Io C Effluent C Det, Time LOG,o(C/Co)

2.38 92.3076923 0.08 7.261655777 1.34242268 22 7.26165578 -1.09691
3.47 91.4249685 0.08575032 5.79781862 1.36172784 23 5.79781862 -1.0667643
5.36 68.1481481 0.31851852 4.10975816 1.14612804 14 4.10975816 -0.4968653
1.44 86.8312757 0.13168724 9.21234604 1.32221929 21 9.21234604 -0.8804563
0.5 84.733 0.15267 13.3190053 0.84509804 7 13.3190053 -0.8162463

8.16 90.1717557 0.09828244 2.478104363 1.53147892 34 2.47810436 -1.0075241
8.58 98.1927711 0.01807229 2.283252718 0.30103 2 2.28325272 -1,7429868
8.46 79.375 0.20625 2.337933903 1.34242268 22 2.3379339 -0.685606
4.12 91.9831224 0.08016878 5.131233264 0.77815125 6 5.13123326 -1.0959947
1.59 82.2916667 0.17708333 8.827645429 0.77815125 6 8.82764543 -0.7518223
1.27 90.4255319 0.09574468 9.700064687 0.47712125 3 9.70006469 -1.0188853
7.77 70.3163017 0.29683698 2.668236141 2.21129857 162.666667 2.66823614 -0.527482
8.28 63.7540453 0.36245955 2.421427444 2.04921802 112 2.42142744 -0.4407405
3.18 87.4371859 0.12562814 6.13664013 1.69897 50 6.13664013 -0.9009131
1.17 95.6709957 0.04329004 10.01846435 0.52287875 3.33333333 10.0184643 -1.363612
0.7 98.089172 0.01910828 12.01271913 0 1 12.0127191 -1.7187784

8.83 68.7704918 0.31229508 2.171748787 2.10380372 127 2.17174879 -0.5054349
8.33 35.9793814 0.64020619 2.398054104 2.31597035 207 2.3980541 -0.1936801
5.13 69.740634 0.30259366 4.280029299 1.54406804 35 4.2800293 -0.5191402
2.72 71.3855422 0.28614458 6.743246851 1.50060235 31.6666667 6.74324685 -0.5434145
1.33 84.5588235 0.15441176 9.520849793 0.84509804 7 9.52084979 -0.8113196
0.79 97.7777778 0.02222222 11.54314482 -0.4771213 0.33333333 11.5431448 -1.6532125
7.52 39.516129 0.60483871 2.795202983 1.87506126 75 2.79520298 -0.2183604
2.98 66.8181818 0.33181818 6.38882617 1.38620161 24.3333333 6.38882617 -0.4790998
1.33 88.9867841 0.11013216 9.520849793 0.92081875 8.33333333 9.52084979 -0.9580858
0.45 97.7272727 0.02272727 13.72804643 0.12493874 1.33333333 13.7280464 -1.6434527
0.22 98.757764 0.01242236 16.5062981 -0.1760913 0.66666667 16.5062981 -1.9057959
0.07 98.3739837 0.01626016 20.95204524 -0.1760913 0.66666667 20.9520452 -1.7888751
0.83 99.1423671 0.00857633 11.35138732 0.22184875 1.66666667 11.3513873 -2.0666986
0.26 99.380805 0.00619195 15.85774402 -0.1760913 0.66666667 15.857744 -2.2081725
0.18 98.9966555 0.01003344 17.28536194 0 1 17.2853619 -1.9985499
0.52 98.880597 0.01119403 13.16673872 -0.30103 0.5 13.1667387 -1.9510135
0.28 100 0 15.57003464 #NUM! 0 1.01333497 *NUM!

11.9 90.7672302 0.0923277 1.013334969 1.37413709 23.6666667 2.35633346 -1.034668
8.42 71.023622 0.28976378 2.356333464 1.78769657 61.3333333 5.9928348 -0.5379559

3.3 59.3495935 0.40650407 5.992834801 1.52287875 33.3333333 7.62027672 -0.3909351
2.17 86.5546218 0.13445378 7.620276717 0.72699873 5.33333333 9.105975 -0.871427
1.48 94.2857143 0.05714286 9.105975003 0.12493874 1.33333333 14.7037244 -1.243038
0.35 95.2380952 0.04761905 14.70372443 0.22184875 1.66666667 1.85930831 -1.3222193
9.57 68.9243028 0.31075697 1.859308306 1.71600334 52 2.805542 -0.5075791

7.5 65.0130548 0.34986945 2.805542003 1.64998354 44.6666667 6.0760726 -0.456094

3.23 70.2898551 0.29710145 6.076072599 1.73772259 54.6666667 6.97860982 -0.5270952
2.56 87.9310345 0.12068966 6.97860982 1.27106677 18.6666667 8.50002826 -0.91833
1.73 94.1368078 0.05863192 8.500028256 0.77815125 6 11.2135397 -1.2318659
0.86 93.1407942 0.06859206 11.2135397 0.80163235 6.33333333
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Polio Data

Condensed data: Column #7: Cycle 16.

Time (Cumm. Hours): 26 46.67 72 84,5
C/Co: 0.11777778 0.06896552 0.1 0.07111111
Removal: 88.2222222 93.1034483 90 92.8888889
Q Time (Cumm.hrs): 21.5 45 69.5 93
Q (mL/min): 7.52 2.98 1.33 0.45

Time (Cumm. Hours): 26 46.67 72 84.5
AVE IN: 2250 1450 300 150
AVE EFF: 265 100 30 10.6666667

in dey, 70.7106781 212.132034 282.842712 70.7106781

out dev. 63.6396103 0 0 9.01849951

Graphing Data:

Time: (hours) 21.5 45 69.5 93

QC: (pfu/min) 1992.8 298 39.9 4.8

QCo: (pfu/min) 16920 4321 399 67.5

Time: (hours) 21.5 45 69.5 93

Cumulative PFU IN: 21826800 27919410 28505940 28601115

Cumulative PFU OUT: 2570712 2990892 3049545 3056313

Daily % Removal: 88.2222222 93 1034483 90 92.8888889

Cycle % Removal: 89.3140075

Condensed data: Column #7: Cycle 17:

Time (Cumm. Hours): 19.5 42 92.5 118.5 138.5

C/Co: 0.0057971 0.02515723 0 0 0

Removal: 0.9942029 0.97484277 1 1 1

Q Time (Cumm.hrs): 23 42 54.5 89.8 102.5 126.5

Q (mL/min): 0.83 0.26 0.4 0.18 0.52 0.28

Time (Cumm. Hours): 19.5 42 92.5 118.5 138.5

AVE IN: 1150 132.5 110 160 200

AVE EFF: 6.66666667 3.33333333 0 0 0

in dey. 70.7106781 5.77350269 #IDIV/0! 0 ftDIV/0!

out dev. 5.77350269 5.77350269 0 0 0

Graphing Data:

Time: (hours) 23 42 54.5 89.8 102.5 126.5

QC: (pfu/min) 5.53333333 0.86666667 1.33333333 0 0 0

QCo: (pfu/min) 954.5 34.45 53 19.8 83.2 56

Time: (hours) 23 42 54.5 89.8 102.5 126.5

Cumulative PFU IN: 1317210 1356483 1396233 1438169.4 1501567.8 1582207.8

Cumulative PFU OUT: 7636 8624 9624 9624 9624 9624

Daily % Removal: 99.4202899 97.4842767 97.4842767 100 100 100

Cycle % Removal: 99.391736
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Azide-inhibited Agua Fria sand column

Condensed data: Column #11: Cycle 19- 

Q Time (Cumm.hrs): 30

Total Volume: 29680 u

AVE IN: (pfulmL) 181.333333 122.666667

out dey. 8.71779789 14.6401275

Graphing Data:

Time: (hours) 0 30
QC: (pfulmin) 664.893333

Time: (hours) 0 30

Cumulative PFU OUT: 1196808

1
Condensed data: Column #11; Cycle 20:

1
Time (Cunmi. Hours): 3 28.5

Q Time (Cumm.hrs): 25.25

AVE IN: 196.666667 187.666667
:

out dey. 14.3643076 14.525839

Graphing Data:

Time: (hours) 0 25.25 62.75 86 108.25 131.5 155.25

Cumulative PFU IN: 3737143.25 4119191.9 4170727.35 4202310.15 4226463.9

Cumulative PFU OUT: 2910150.75 3029176.8 3040702.3 3043380.7 3045019.45
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Column 9 data: Sweetwater column

Condensed data: Column #9, Cycle 10

TIME (Cumm.Hrs): 1.25 20.25 25.25 44.5 73.25 95.25 165
C/Co: 0.020091 0.0045 0 0.028708 0.182022 0.082508
Removal: 0.979909 0.9955 1 0.971292 0.817978 0.917492
Q (mL/min): 1.59 1.05 3.02 6.4 8.64
Q TIME (Cumm Hrs): 23 46.3 70.5 98.3 165

TIME (Cumm.Hrs): 1.25 20.25 25.25 44.5 73.25 95,25 165
AVE IN: (pfu/mL) 365 370.3333 148 139.3333 148.3333 101
AVE EFF: (pfu/mL) 7.333333 1.666667 1 4 27 8.333333

*Changed "from 0 to 1 for log plot!
in dev 22.34 34.67 I 17.21 4.04 11.53
out dev 2.31 1.53 0 1.73 6.24 6.66

Graphing Data:

Time: (hours) 0 0 23 46.3 70.5 98.3 165
QC: (pfu/min) 0 2.65000053 1.05 1.05 12.08 172.8
QC0: (pfu/min) 0 588.829947 155.4 155.4 420.786566 949.33312

Time: (hours) 0 0 23 46.3 70.5 98.3 165
Cumulative PFU IN: 0 812585.327 1029834.53 1255475.33 1957347.32 5756578.47

Cumulative PFU 01fT: 0 3657.00073 5124.90073 6649.50073 26798.9407 718344.541

Condensed data: Column #9, Cycle 11:

TIME (Cumm.Hrs): 5.5 16.5 20 41 66.5 94 115.5 137.5 163
C/Co: 0 0 0 0.013043 0,010695 0.009259 0.003058 0 0.00625
Removal: 1 1 1 0.986957 0.989305 0.990741 0.996942 1 0.99375
Q (mL/min): 0.43 0.94 0.76 0.62 0.49 0.39 0.33

Q TIME (Cumm Hrs): 18 41 66.8 91 114 139.5 160.5

TIME (Cumm.Hrs): 5.5 16.5 20 41 66.5 94 115.5 137.5 163

AVE IN: (pfu/mL) 385 354 307 76.66667 62.33333 36 109 73 53.33333

AVE EFF: (pfu/mL) 0.1 0.1 0.1 1 0.666667 0.333333 0.333333 0.1 0.333333

Note: 0.1 - 0 had to change for log graph!!

in dev 29.51271 24.04163 65.82553 2.081666 14.64013 4.358899 23.06513 16.09348 21.1266

out dev 0 0 0 1.732051 0.57735 0.57735 0.57735 0 0.57735

Graphing Data:

Time: (hours) 0 0 18 41 66.8 91 114 139.5 160.5

QC: (pfu/min) 0 0.043 0.94 0.50666692 0.20666646 0.16333317 0.039 0.10999989

QCo: (pfu/min) 0 132.01 72.0666698 47.3733308 22.32 53.41 28.47 17.5999989

Time: (hours) 0 0 18 41 66.8 91 114 139.5 160.5

Cumulative PFU IN: 0 142570.8 242022.804 315356.72 347765.36 421471.16 465030.26 487206.259

Cumulative PFU OUT: 0 46.44 1343.64 2127.96039 2428.04009 2653.43987 2713.10987 2851.70973
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Condensed data: Column #9 Cycle 13:

TIME (Cumm.Hrs): 26.75 50.75 74.25 101.75 122.75 169.75
C/Co: 0.04 0.08 0.16 0.08 0.04 0.01
Removal: 0.96 0.92 0.84 0.92 0.96 0.99
Q (mL/min): 5.55 12.1 12.79 9.85 3.17
Q TIME (Cumm Hrs): 48.6 74.3 99.3 121.8 170.1

TIME (Cumm.Hrs): 26.75 50.75 74.25 101.75 122.75 169.75
AVE IN: (pfu/mL) 577 426 379.67 228.67 152.33 92
AVE EFF: (pfu/mL) 25 35 59.67 19.33 6.67 1

in dey 21.21 30.61 33.65 8.08 13.2 12.29
out dey 6.24 9.64 7.09 5.51 1.53 I

Graphing Data:

Time: (hours) 0 48.6 74.3 99.3 121.8 170.1
QC: (pfu/min) 194.25 722.007 247.2307 65.6995 3.17
QC0: (pfu/min) 2364.3 4594.007 2924.6893 1500.4505 291.64

Time: (hours) 0 48.6 74.3 99.3 121.8 170.1
Cumulative PFU IN: 6894298.8 13978257.6 18365291.5 20390899.7 21236072.4
Cumulative PFU OUT: 566433 1679767.79 2050613.84 2139308.17 2148494.83
Time: (hours) 0 48.6 74.3 99.3 121.8 170.1

Log IN: 6.8384901 7.14545304 7.26399783 7.30943639 7.3270742
Log OUT: 5.75314855 6.22524925 6.31188389 6.33027335 6.33213431

Condensed data: Column #9 Cycle 14:

TIME (Cumm.Hrs): 1.5 19.25 42.5 72.75 91 123.5 139.5
C/Co: 0 0 0.18 0.16 0.18 0.07 0.02
Removal: 1 1 0.82 0.84 0.82 0.93 0.98
Q (mL/min): 1.38 1.28 0.68 0.35 0.27 0.4
Q TIME (Cumm Hrs): 20 43 69 92.5 117 142

TIME (Cumm.Hrs): 1.5 19.25 42.5 72.75 91 123.5 139.5
AVE IN: (pfu/mL) 450 410 73.33 44.67 30.67 33.67 32.67
AVE EFF: (pfu/mL) 0 0.67 13 7.33 5.67 2.33 0.67

in dey 52.92 17.32 23.09 3.06 3.21 2.08 9.29

out dey #DIV/0! 1.15 7.21 2.52 2.89 0.58 0.58

Graphing Data:

Time: (hours) 0 20 43 69 92.5 117 142

QC: (pfu/min) 0.9246 16.64 4.9844 1.9845 0.6291 0.268

QCo: (pfu/min) 565.8 93.8624 30.3756 10.7345 9.0909 13.068

Time: (hours) 0 20 43 69 92.5 117 142

Cumulative PFU IN: 678960 808490.112 855876.048 871011.693 884375.316 903977.316

Cumulative PFU OUT: 1109.52 24072.72 31848.384 34646.529 35571.306 35973.306
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Column #7: Agua Fria sand Rainfall Experiment
Conductivity Measurements:

Cycle 21: 7/11 - 7/17 (Rainfall cycle 1)
Start time: 12.5 34891

DAY: 0 0 1 1 2 2 2 2 2
TIME: 15.17 19 11 17 10 11.08 11.5 11.8 12.5
Cummtime 2.67 6.5 22.5 28.5 45.5 46.58 47 47.3 48
IN CND: 1120 1010 1020 968 947 34.2 61.7 57.1 67.6
EFF CND: 1105 858 880 910 894 898 890 892 887

DAY: 2 2 2 2 2 2 2 2 2
TIME: 13 14.25 14.75 15.5 16 16.33 16.66 17 17.33
Cummtime 48.5 49.75 50.25 51 51.5 51.83 52.16 52.5 52.83
IN CND: 60.1 68.4 69 71.9 56.5 54.1 57.5 51.1 62
EFF CND: 905 921 926 926 843 752 605 453 389

DAY: 2 2 2 2 2 2 2 2 2
TIME: 17.5 17.92 18.07 18.33 18.7 19 19.27 19.67 20.1
Cummtime 53 53.42 53.57 53.83 54.2 54.5 54.77 55.17 55.6
IN CND: 56.3 73 51.1 53.8 57.8 50.8 52.6 51 44.9
EFF CND: 345 286 279 260 242 225 200 210 200

DAY: 2 2 2 2 3 3 3 4 5
TIME: 20.58 21.08 21.67 22.05 10.08 12.25 16.42 8.5 11.33
Cummtime 56.08 56.58 57.17 57.55 69.58 71.75 75.92 92 118.83
IN CND: 51.4 41.8 40.6 46.1 44.6
EFF CND: 180 180 172 172 99.5 186 298 80 72

Cycle 22: 7/24 - 7/31 (Rainfall cycle 2)
Start time: 12 34904
MON TUES WED

DAY: 0 0 1 1 2 2 2 2 2
TIME: 9.42 10 10.5 11 11.5
Cummtime 44.92 45.5 46 46.5 47
IN CND: 958 870 863 839 858
EFF CND: 873 881 889 885

DAY: 2 2 2 2 2 2 2 2 2
TIME: 12 12.25 13 13.5 14 14.5 15 15.53 16
Cummtime 47.5 47.75 48.5 49 49.5 50 50.5 51.03 51.5
IN CND: 870 872 872 133.7 101 78.1 66.6 59.8 55.4
EFF CND: 871 870 888 890 870 881 867 902 924

DAY: 2 2 2 2 2 2 2 2 2
TIME: 16.5 17.08 17.67 18 18.5 19 19.5 20 20.25
Cummtime 52 52.58 53.17 53.5 54 54.5 55 55.5 55.75
IN CND: 58.8 67.9 54 55 48.4 48.6 47.3 48.1 48.2
EFF CND: 930 935 917 930 902 892 828 675 560

DAY: 2 2 2 2 2 2 2 2 2
TIME: 20.58 20.78 21 21.25 21.5 21.77 22.08 22.5 22.83

Curtuntime 56.08 56.28 56.5 56.75 57 57.27 57.58 58 58.33

IN CND: 52.5 41.3 39.3 41 43.5

EFF CND: 472 416 412 352 310 275 236 235 207

Cycle 25: 9/5 - 9/12 (Rainfall cycle 3)

Start time: 12

DAY: 0 1 2 2 2 2 2 2 2

TIME: 17 11.5 11.5 12 13.17 14.67 15.25 15.75 16.5

Cummtime 5 23.5 47.5 48 49.17 50.67 51.25 51.75 52,5

IN CND: 720 134 150

EFF CND: 690 810 249 205 210 199

DAY: 2 2 2 2 2

TIME: 17 17.25 17.75 18.33 18.75

Cummtime 53 53.25 53.75 54.33 54.75

IN CND: 133 130 130

EFF CND: 187 183 183 173 173
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Column #7	 I
Rainfall Experiment

Phage data
COLUMN #7 CYCLE 21: July 11 - July 17
START TIME: 12.5

DAY: 0 0 1 1 2 2 2 2 2 2

TIME: 15.17- 19 11 17 10 11.25 12.5 17 17.83 19

IN: 52 57 30 30 29 1 0 0 0 0
50 58 39 31 35 0 1 1 0 0
31 41 32 32 39 0 0 0 0 0

AVE IN: 44.333 52 33.6667 31 34.333 0.33333 0.33333 0.3333 0 0
in dev 11.59 9.5394 4.72582 1 5.0332 0.57735 0.57735 0.5774 0 0

EFF: 12 9 5 1 1 0 11 19 12
9 9 1 1 3 0 15 10 13

13 9 8 2 1 0 24 14 13
17 12
11 7
20

AVE EFF: 11.333 9 4.66667 1.3333 1.6667 0 #DIV/0! 16.667 15.1667 11.4
out dev 2.0817 0 3.51188 0.5774 1.1547 0 #DIV/0! 6.6583 4.16733 2.50998

C/CO: 0.2556 0.1731 0.13861 0.043 0.0485 0 #DIV/0! 50

DAY: 2 2 2 2 2 3 3 3 4 6

TIME: 20.17 20.58 21.08 21.67 22 10 12.25 16.42 8.5 11.33

EFF: 6 5 6 5 1 3 0 0 0 2
13 10 5 4 7 0 0 0 0 0
9 7 5 5 2 2 1 1 0 0
5 4 6 3 7 3 0 0 0 0
7 2 4 4 4 0 1 0 0 0

AVE EFF: 8 5.6 5.2 4.2 4.2 1.6 0.4 0.2 0 0.4
out dev 3.1623 3.0496 0.83666 0.8367 2.7749 1.51658 0.54772 0.4472 0 0.89443

Date Day Time Cum. Ti Volume Q (mL/min)
0 12.5 0 0
1 13.58 25.08 8910 5.9211
2 11.25 46.75 5000 3.8456

Q taken 3 12.67 72.17 3900 2.557
at different 4 8.67 92.17 3740 3.1167
time! 5 10.5 118 4550 2.9359

6 9.25 140.75 3700 2.7106

Qtime: 25.08 46.75 72.17 92.17 118 140.75
Q (mL/min) 5.9211 3.84556 2.557 3.1167 2.93586 2.71062



COLUMN #7 CYCLE 22: July 24 - July 28

Phage data

START TIME: 12

DAY: 0 0 0 0 0 1 1 2 2 2 2 2

TIME: 12.83 13 14 15.17 16.75 10.33 16.75 9.42 10.5 11.5 13 14

(from 14:00)

IN: 11 385 247 247 210 141 133 164 1 0 0

8 390 328 328 295 191 185 226 1 0 0

8 352 346 346 270 329 116 146 1 0 0

AVE IN: 9 375.6667 307 307 258.3333 220.3333 144.6667 178.6667 1 0 0

in dey 1.732051 20.64784 52.735187 52.73519 43.68447 97.37214 35.94904 41.96824 0 0 0

EFF: 0 0 3 104 223 38 3 0 2 1 1 1

0 0 1 102 152 17 6 1 0 2 I 0

0 4 0 122 166 23 2 0 0 2 0 3

AVE EFF: 0 1.333333 1.3333333 109.3333 180.3333 26 3.666667 0.333333 0.6666667 1.666667 0.6666667 1.3333333

out dey 0 2.309401 1.5275252 11.015 I 4 37.60762 10.81665 2.081666 0.57735 1.1547005 0.57735 0.5773503 1.5275252

C/CO: 0 0.003549 0.0043431 0.356135 0.698065 0.118003 0.025346 0.001866 N/A N/A N/A N/A

DAY: 2 2 2 2 2 2 2 2 2 2 2

TIME: 16 16.5 17 17.5 18 18.5 19 19.5 20 20.25 2078.

EFF: 3 0 1 0 0 1 0 2 8 14 17

O 0 0 I 0 0 0 I 5 12 17

0 0 0 1 0 0 0 4 5 13 8

2 0 0 1 0 0 0 0 7 9 16

1 1 0 2 0 0 0 0 4 9 15

AVE EFF: 1.2 0.2 0.2 1 0 0.2 0 1.4 5.8 11.4 14.6

out dey 1.30384 0.447214 0.4472136 0.707107 0 0.447214 0 1.67332 1.6431677 2.302173 3.7815341

C/CO: N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

DAY: 2 2 2 2 2 2 2 3 3 3 3 4

TIME: 21 21.25 21.5 21.77 22.5 22.83 23.25 0 0.5 9.75 17.83 11.33

EFF: 10 10 12 9 7 4 10 5 2 0 1 I

15 17 8 7 6 5 5 3 6 2 0 0

11 8 4 10 5 2 5 3 2 0 0 0

16 7 10 9 3 3 7 6 4 0 0 0

12 12 10 8 7 10 4 I 3 2 0 0

AVE EFF: 12.8 10.8 8.8 8.6 5.6 4.8 6.2 3.6 3.4 0.8 0.2 0.2

out dev 2.588436 3.962323 3.0331502 1.140175 1.67332 3.114482 2.387467 1.949359 1,6733201 1.095445 0.4472136 0.4472136

C/CO: N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

Qtime: 22.25 49.75 73 96.25 125.7 145.25

Q (mL/min 10.48689 2.484848 3.0107527 4.086022 1.697793 1.585678
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COLUMN #7 CYCLE 25: September 5 - September 12
START TIME: 10

DATE:

DAY: 0 1 2 2 2 2 2 2 2 2 2

TIME: 17 11.5 11.5 12 13 14.67 15,25 16.5 17 17.75 18.75

IN: 830 620 430 36

620 590 55

720 600 48

AVE IN: 723.3333 603.3333 430 46.33333

EFF: 460 350 90 50 360 194 70 43 38 19

520 310 71 52 370 160 65 50 53 30

440 210 96 59 181 74 65 50 27

66 59 238 64 55 39 23

101 61 159 64 65 57 23

AVE EFF: 473.3333 290 84.8 56.2 365 186.4 67.4 55.6 47.4 24.4

Cum. Time 7 25.5 49.5 50 51 52.67 53.25 54.5 55 55.75 56.75

C/CO: 0.654378 0.480663 0.197209

Q taken Flow Rate Data:

at different

time! Date Day Time Cum. Tim Volume Q (mL/min)

0 10 0

1 9.4 23.4 16700 11.8946

2 12 50 14000 8.77193

3 13.25 75.25 14000 9.24092

4 8.4 94.4 290 0.25239

5 12.25 122.25 300 0.17953

6 13.5 147.5 290 0.19142
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